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Abstract 

Tree-level moduli stabilization via geometric and non-geometric fluxes in 
type IIB orientifolds on Calabi-Yau manifolds is investigated. The focus 
is on stable non-supersymmetric minima, where all moduli are fixed ex¬ 
cept for some massless axions. The scenario includes the purely axionic 
orientifold-odd moduli. A set of vacua allowing for parametric control 
over the moduli vacuum expectation values and their masses is presented, 
featuring a specific scaling with the fluxes. Uplift mechanisms and super- 
symmetry breaking soft masses on MSSM-like D7-branes are discussed as 
well. This scenario provides a complete effective framework for realizing 
the idea of F-term axion monodromy inflation in string theory. It is argued 
that, with all masses close to the Planck and GUT scales, one is confronted 
with working at the threshold of controlling all mass hierarchies. 


*On leave from Departamento de Fisica, Facultad de Ciencias, Universidad Central de 
Venezuela 
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1 Introduction 

The central element in relating string theory to the real world is moduli stabiliza¬ 
tion, i.e. a dynamical mechanism that gives a mass to the ubiquitous massless 
scalar helds. Most of the more detailed questions about string phenomenology 
and string cosmology can only be answered in a framework of moduli stabilization. 
Of course, it would be a big advance to isolate generic but specihc predictions of 
string theory derived models, but so far there are only very general predictions, 
such as the existence of supersymmetry at a high scale, the existence of axions, 
gauge interactions with chiral fermions and the existence of inflaton candidates. 

The usual approach to moduli stabilization is to start with an TV = 1 
supersymmetric compactihcation to four dimensions of one of the ten-dimensional 
superstring theories, and then generate a scalar potential for the many moduli 
by taking into account additional ingredients. These are tree-level background 
fluxes as well as perturbative and non-perturbative corrections to the Kahler 
potential and the superpotential. Once these data are specihed, one can compute 
the resulting scalar potential for the moduli and search for minima, which can 
either preserve supersymmetry or break it spontaneously. A scenario of moduli 
stabilization is a restricted set-up, where a certain type of minima is guaranteed 
to exist and where one has parametric control over the emerging scales of the 
vacuum expectation values and masses of the moduli. It is fair to say that in view 
of the vast landscape, so far there only exist few such scenarios. The most studied 
ones are the racetrack, the KKLT the large volume scenario (TVS) [^|^, and 
variations thereof. 

The aim of this paper is to propose a scenario of moduli stabilization, which is 
entirely based on the tree-level flux induced scalar potential. The motivation for 
this study is two-fold, and to appreciate our approach and its historical embedding 
let us elucidate this point further. 

In the hrst run of LHC no direct indication of supersymmetry has been found, 
so that naturalness as a guiding principle is under pressure, and hne-tuning of 
the Higgs mass (in the string landscape) might eventually be something we have 
to face. In most approaches to string phenomenology, a supersymmetry breaking 
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scale of the order M 


susy ' - 1 TeV was used as an input to fix the stringy scales. 
Due to Mpi/Msusy ~ 10^®, a moduli stabilization scenario, dynamically generating 
exponential hierarchies, seemed very natural. This is precisely what the TVS 
achieves. However, if Mg^sy is indeed much larger or even close to the GUT scale, 
then scenarios generating only polynomial hierarchies might also be interesting 
to consider. 

Furthermore, the BICEP2 claim 
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to have measured primordial B-modes 
with a large tensor-to-scalar ratio of r ~ 0.2 has triggered quite some activity in 
realizing large-held inhation models in string theory. Although by now there is 
agreement between the PLANCK and the BICEP2 collaboration that the main 
component of the B-modes is due to dust in the foreground 11 13 , BICEP2’s 


initial results have led to a number of developments in string cosmology. Invok¬ 
ing string theory is motivated because inhation is UV sensitive. For instance, 
for chaotic inhation with a quadratic potential, the mass scale of inhation is at 
Mini 10^^ CeV, the Hubble scale of inhation at Hinf 10^^ CeV and the mass of 
the inhaton is mg ~ 10^^ GeV. Therefore, a mechanism such as the shift symme¬ 
try of an axion is necessary to gain control over higher-order Planck-suppressed 
operators]^ Various scenarios for axion inhation have been proposed, such as nat¬ 
ural inhation 15 , N-hation 16 , or aligned inhation 17 . During the last year. 


it was analyzed how these scenarios can be embedded into string theory 18 - 32 


A promising string theory approach, still allowing for some control over the 
higher-order corrections, is axion monodromy inhation 


theory version has been proposed in 35 


33 34 


for which a held- 
(for a review see for instance (3^). 
More recently, axion monodromy inhation has been realized via the F-term scalar 
potential induced by background huxes 38 -40 . This has the advantage that 


supersymmetry is broken spontaneously by the very same ehect by which usually 
moduli are stabilized. Various scenarios have been studied, mostly in the type 
HB context, which diher by what kind of axion is identihed as the inhaton. 
The latter can be the universal axion 39 , a geometric axion like a complex 


structure modulus or a D7-brane deformation developing a shift symmetry in the 
large complex structure regime 40 42], a Higgs-like open string modulus 


the Kalb-Ramond or Ramond-Ramond (R-R) two-form held 38,44 . Moreover, 


43 


or 


in 1^ non-geometric huxes were employed and the inhaton was given by a Kahler 
modulus. 

In view of single-held large-held inhation, a challenge for string theory is to 
hnd a scheme of moduli stabilization such that a single axion 6 is the lightest 
state, beyond maybe some lighter axions providing candidates for the QGD axion 
or dark radiation 46 . In fact, the challenge is to hx the moduli such that during 


inhation the following sensitive hierarchy of scales is guaranteed 

Mpi > Mg > Mkk > Mini ~ Mmod > -f^inf > \Mg\ , 


( 1 . 1 ) 


^ For other symmetry-based mechanisms to suppress higher-order corrections, see 14 . 
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where neighboring scales differ by (only) a factor of 0(10). An argument for the 
second-last relation was presented in [^. Such a hierarchy can either appear just 
by numerical coincidence, or by having a parameter that controls the quotient 
of two scales. On the formal side such a string theory realization is constrained 
by the no-go theorem of 48 . It states that once an axion is completely unstabi¬ 


lized in a supersymmetry-preserving minimum, its saxionic partner is tachyonic. 
Therefore, non-supersymmetric minima are a better-suited starting point. 

In 49 it was analyzed whether the no-scale scalar potential for the complex 


structure and axio-dilaton moduli in type IIB orientifolds with NS-NS and R-R 
three-form fluxes admits non-supersymmetric minima, where a single axion can be 
parametrically lighter than the rest of the moduli (see also 50 for an alternative 
approach invoking tunings in the string landscape). The procedure, that we will 
also follow in this paper, is to hrst turn on large fluxes such that all moduli except 
one axion are frozen. In a second step, we turn on order-one fluxes freezing 
also the last axion, which was parametrically lighter than the rest. The main 
shortcoming of the original approach was to neglect the Kahler moduli. If they 
could be stabilized by some subleading effect (as in KKLT or TVS) their masses 
would be parametrically lighter than the tree-level induced inflaton mass. Since 
the F-term monodromy potential for the latter is a tree-level effect, one should 
better stabilize all heavy moduli by a flux induced tree-level potential. 

Working in type IIB superstring theory, a superpotential for the Kahler moduli 
is generated (at tree-level) by turning on non-geometric fluxes. In this paper, 
following 51,^, we study type IIB orientifolds on Calabi-Yau three-folds and 
their flux induced scalar potential for the Kahler, the complex structure and 
the axio-dilaton moduli. Therefore, the induced scalar potential is the one of 



(a subset of fluxes) such that the following aspects are realized: 


• There exist non-supersymmetric minima stabilizing the saxions in their 
perturbative regime. 

• All mass eigenvalues are positive semi-dehnite, where the massless states 
are only axions. 

• For both the values of the moduli in the minima and the mass of the heavy 
moduli one has parametric control in terms of ratios of fluxes. 

• One has either parametric or at least numerical control over the mass of 
the lightest (massive) axion, i.e. the inflaton candidate]^ 

^Axions staying massless at tree-level can only receive tiny masses from non-perturbative 
effects and are expected not to interfere with the moduli dynamics in the early universe. 
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• The moduli masses are smaller than the string and the Kaluza-Klein scale. 

Since, as in the LVS, we deal with a non-supersymmetric minimum, once this is 
determined we can continue to study many string-phenomenological and cosmo¬ 
logical questions. For instance, we can compute the effect of this supersymmetry 
breaking on the MSSM-like theory on stacks of D7-branes, wrapping a four-cycle 
not forbidden by Freed-Witten anomalies. 

Since we introduce non-geometric fluxes, let us mention some of the open 
questions and limitations of our approach: 

• We work in the effective four-dimensional supergravity theory. The up¬ 
lift of new minima of the scalar potential to genuine solutions of the ten¬ 
dimensional string equations of motion is a subtle problem. 

• It is often questioned whether there exists a clear separation of Kaluza- 
Klein and moduli mass scales that allow to only consider a finite number 
of modes in the effective theory. 

• Here we are mostly interested in the scalar potential and its mathemati¬ 
cal structure for a small treatable number of moduli. Therefore, we are 
not carefully specifying global Calabi-Yau geometries and orientifold pro¬ 
jections that concretely realize our supergravity models. 

Concerning the hrst item, we will conhrm that for non-geometric fluxes a proper 
dilute-flux limit does not exist, so that backreaction is expected. Our point of 
view is that not having an explicit uplift does not mean that orientifolded M = 2 
gauged supergravity cannot be a consistent truncation for the dynamics of the 
string modes kept in the model. 

Having expressed our concerns, let us summarize how this paper is organized. 
In section we describe the string theory framework that will be used, i.e. type 
HB orientifolds on Calabi-Yau three-folds with various kinds of geometric and 
non-geometric fluxes. These induce a scalar potential which is the one of (orien¬ 
tifolded) Af = 2 gauged supergravity. This section partially reviews known results 
from generalized geometry, but also adds some new aspects, like the couplings 
of orientifold-odd moduli to geometric fluxes and the inclusion of non-geometric 
R-R P-flux. We also derive the tadpole cancellation conditions and the general¬ 
ized Freed-Witten anomaly conditions. Generically, the fluxes £x all closed string 
moduli at tree-level. 

In section we first present some simple examples, with a small number of 
Kahler moduli and no complex structure moduli, that show a peculiar pattern. 
Namely, for n moduli the superpotential contains n-f 1 terms so that the require¬ 
ment that all terms scale in the same way with the fluxes uniquely fixes the scaling 
of the frozen moduli with the fluxes. By minimizing the scalar potential we find 
that this intended scaling behavior indeed shows up in the minima. Generically, 
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both supersymmetric AdS and stable non-supersymmetric AdS minima appear, 
where the latter can be tachyon-free and are our main interest throughout this 
paper. The scaling behavior allows us to gain parametric control over the physics 
in these minima, in particular to £x the dilaton and the Kahler moduli in their 
perturbative regime, or to adjust the relative sizes of the string, Kaluza-Klein and 
moduli-mass scale. We also consider models which cannot be realized on tori, 
having for instance a Kahler potential of swiss-cheese or K3-£bration type. Thus, 
the flux scaling behavior is the tool to design certain properties in the minimum. 

In the second part of section we generalize the construction to models also 
having complex structure moduli. The more moduli we add, the more likely it 
becomes that one encounters tachyonic directions. We also discuss more models 
with odd Kahler moduli and non-geometric P-flux. At the end, we describe how 
we can systematically search for this kind of scaling minima. 

In section we investigate whether there exists a general mechanism to up¬ 
lift tachyons, in particular those arising when more than one Kahler modulus is 
involved. Indeed, we hnd that the D-term of an appropriate stack of D7-branes, 
subject to the generalized Freed-Witten anomalies, precisely adds a positive con¬ 
tribution to the mass-square of this type of tachyons, while not affecting the 
masses of the other moduli. We believe that this is a fairly non-trivial result. 
In this section we also discuss the uplift of the cosmological constant by adding 
a simple term of the form e/V" with a > 0. We hnd that the uplift by anti 
D3-branes does not work for these tree-level models in the sense that a has to be 
smaller than 4/3. 

Section is devoted to discussing aspects related to string phenomenology. 
First, we comment on the generic issue of justifying the existence of a string theory 
uplift of these hux vacua to the full ten-dimensional string theory. Then, we 
concretely evaluate the various resulting mass scales, which generically are only a 
few orders below the Planck-scale. For that purpose we introduce a well-dehned 
notion of parametric equality or inequality, respectively. We also estimate the 
tunneling amplitude between different branches of the hux landscape. Having a 
source of supersymmetry breaking in the bulk, we compute the gravity-mediated 
soft-masses on stacks of D7-branes, both for a bulk and a sequestered set-up. 
For the latter case anomaly-mediation is the dominant contribution. Such a 
sequestered scenario is important for lowering the supersymmetry breaking scale 
down to the intermediate or even the TeV regime. 

In section we analyze the models with respect to the presence of axions 
capable of realizing F-term axion monodromy inhation. We mostly consider the 
scenario where an axion can gain a parametrically small mass via turning on 
additional huxes. In this case we follow the ideas put forward in 49 in the 


context of no-scale models. Generically, a tension between this kind of parametric 
control and the Kaluza-Klein scale shows up. In a separate article 73 we discuss 


a toy model for this kind of scenario, in which the backreaction of the heavy 
moduli onto the how of the inhaton can be taken into account analytically. 
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2 Fluxes and branes in type IIB orientifolds 

In this section, we describe the set-up we will be employing in the following: 
This is type IIB orientifolds with geometric and non-geometric fluxes, where 
the latter are used to stabilize all moduli at string tree-level. We also derive 
conditions arising when fluxes and D-branes are present simultaneously, which 
can be considered as generalized Freed-Witten anomaly cancellation conditions. 

2.1 Orientifold compactifications 

The framework we are considering is that of type IIB string theory compactihed 
on orientifolds of Calabi-Yau manifolds M. The orientifold projection r2p(— 
contains, besides the world-sheet parity operator hip and the left-moving fermion 
number Fp, a holomorphic involution a : M M. We choose the latter to 
act on the Kahler form J and the holomorphic (3,0)-form fla of the Calabi-Yau 
three-fold M. as 


aYJ^+J, (2.1) 

The fixed loci of this involution correspond to 07- and 03-planes, which in general 
require the presence of D7- and D3-branes to satisfy the tadpole cancellation 
conditions. 


2.1.1 Cohomology 

In order to establish the conventions for our subsequent discussion, let us note 
the following. We denote a symplectic basis for the third cohomology of the 
Calabi-Yau manifold M. by 

{aK,(3^}eH\M), A = 0,...,h2-\ (2.2) 


which can be chosen such that the only non-vanishing pairings satisfy 

f a^AfF = . 


(2.3) 


'M 


For the (1,1)- and (2, 2)-cohomology of Ai we introduce bases of the form 

{a;A} e 


A = l,...,h'’\ 


(2.4) 


and for later convenience we also dehne {uja} = and {0^} = {(ivol6,d;'^}, 

with A = 0,..., h^’^. The latter two bases are chosen as 


ua a = S/ 


'M 


(2.5) 



Turning to the orientifold projection, we have to take into account that the 
holomorphic involution a shown in equation ( 2 . 1 ) splits the cohomology into even 
and odd parts. This means in particular that 

, hP’" = . (2.6) 


We also note that constants as well as the volume form dvole on Ai are always 
even under the involution. For the other bases introduced above, we employ the 
following notation 


K} e 

a = 1,. 

..,h+ , 

{uJa}eHU{M) a = l,. 

. . , h_’ , 

{©“} G hI\m) 

a = 1,. 

..,h+ , 

{©“} e hU{M) a = 1,. 

^1.1 
.., h_’ , 

e HUM) 

A = l,. 

..,h+ , 

{ax, HUM) A = 0,. 

(2.7) 


2.1.2 Moduli fields 


Compactihcations of type IIB string theory on Calabi-Yau orientifolds with 07- 
and 03-planes are well-studied. Here, we recall only some results which are 
needed below; for more details we would like to refer the reader to the original 
papers 75-77 , and for a broader overview for instance to |4,78 


We hrst note that under the combined world-sheet parity and left-moving 
fermion number operator f 2 p(— 1 )^ 1 - the ten-dimensional bosonic helds in type 
IIB string theory transform as 




g, 0 , Co, C 4 even, 


B2, C2 


odd, 


( 2 . 8 ) 


where g, 0, B 2 are the metric, dilaton and Kalb-Ramond held, and Cp denote the 
Ramond-Ramond potentials. The components of the ten-dimensional form helds 
which are purely in the six-dimensional space Ai can then be expanded as 


e-7/2 J = 


Un 


B2 = h'^OJa , 


C 2 = , 


C 4 = p„©“, (2.9) 


where the factor of e for J has been included for later convenience. It implies 
that {t°‘} is expressed in Einstein frame. We also note that the potential C 4 
appears in the hve-form held strength as F 5 = dC^ — C 2 A dB 2 . The moduli helds 
of the ehective four-dimensional theory after compactihcation are summarized in 
table 
given by 


see 


76 for more details). The full dehnition of the Kahler moduli is 


Ta = + i (^Pa - ^ - |e'^K„abG“(G + Gf , (2.10) 
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number 

modulus 

name 

1 

^ =e-^-iCo 

axio-dilaton 


f/* = U -I- fw® 

complex structure 


Tq^ Tq, -|- i poi “!“••• 

Kahler 


G“= SIF + ic^ 

axionic odd 


Table 1: Moduli in type IIB orientifold compactifications. 


where the triple intersection numbers are dehned as kabc = A wb A cuc- 

Note that since the holomorphic involution a has to leave the constants kabc 
invariant, it follows that the components Kabc and Kais^y are vanishing. 

The complex structure moduli f/* are contained in the holomorphic three-form 
ria. The latter can be expanded in the basis of odd three-forms shown in (2.7) 
as follows 


Ji3 = ^ V - . 


( 2 . 11 ) 


Usually, the periods Fx can be expressed as derivatives Fx = dF/dX^ of a prepo¬ 
tential F. In the large complex structure limit Ref/® 1, the prepotential takes 
the form 


- 



( 2 . 12 ) 


where the constants dijk are symmetric in their indices. In terms of the periods 
X^, the complex structure moduli are given by 


= v^ + ^u^ = -^^. (2.13) 

Note that X^ does not contain any physical information and can be chosen as 
= 1. For later reference, we also note the following relation 


0 < —i I ria A ria = 8 dijkV^v^v’^ 


'M 


kV 


for h!: V 0 . 


(2.14) 


For h^_l^ = 0 the right hand side in (2.14) is replaced by 2|X°|^ Im(Fo/-^'^) and 
we usually take Fq = i. 


2.1.3 Scalar potential 

After compactifying the ten-dimensional theory on a Calabi-Yau orientifold, the 
F-term potential of the four-dimensional theory is given by the standard super¬ 
gravity formula 

Up = ^ (^K^^DjWDjW - 3 I lU I , (2.15) 
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expressed in terms of a Kahler potential K, the corresponding Kahler metric 
Kjj = djdjK and a superpotential W. The Kahler-covariant derivative is given 
by D]W = djW + {diK)W, and the sum runs over all holomorphic and anti- 
holomorphic helds in the theory. At tree-level and in the large-volume regime, 
the Kahler potential reads 


A = — log 


-i A 

Jm 


log(^ +A) -21ogV, 


(2.16) 


where V = denotes the volume of the Calabi-Yau three-fold M. in 

Einstein frame. It is expressed in terms of the two-cycle volumes introduced 


in (2.9). Note that in order to write V in terms of the moduli helds Ta,G“, S', 


one has to invert the relation (2.10). We furthermore observe that the Kahler 


potential (2.16) satishes a no-scale relation 1^ 


K"(d,K)(&jK) =4, 


(2.17) 


where the sum runs over the axio-dilaton S', and the even and odd moduli 
and However, perturbative corrections to the Kahler potential will spoil this 
no-scale structure. 


2.2 Geometric and non-geometric fluxes 

The moduli helds shown in table [T] are a priori massless, and therefore are in 
conhict with experimental observations. However, by turning on huxes on the 
Calabi-Yau manifold At, a mass term for the moduli can be generated. Usually, 
one considers the three-form hux 

G3 = d-tSH, (2.18) 

where (5^ = ((iC' 2 ) and H = {dB 2 ) are huxes for the two-form potentials C 2 and 
B 2 . These huxes can be expanded in the basis of three-forms as 

5=-f^aA + fA/5^, H = -h^aA + hAP^. (2.19) 

In addition to the and A-hux, in this work we also take into account geometric 
and non-geometric huxes jk, Qi'^^ and . In the context of type HB 
orientifolds, these huxes have been studied for instance in [^[^|^[^[^; here 
we will not repeat this analysis but recall only those expressions needed in our 
discussion. 

2.2.1 Twisted differential and Bianchi identities 

Following the approach of [^|^[^[^, let us introduce a twisted diherential 
acting on p-forms. This diherential contains the constant huxes A, A, Q and R, 
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and is given by 


T> = d — HA —Fo —Q* —R\_, 


where the operators appearing in (2.20) implement the mapping 


H A : p-form —)■ (p + 3)-form, 
Fo : p-form —)■ (p+l)-form, 
Q» : p-form —)■ (p—l)-form, 
R L : p-form —)■ (p — 3)-form. 


( 2 . 20 ) 


( 2 . 21 ) 


For the present example of a Calabi-Yan three-fold, we can be more specific abont 
the action of R. Recalling onr notation (2.7) and following 52 , we introdnce the 
geometric and non-geometric flnxes as 


Pcka = qK^u:A + , 

VoJa = f^A^A - fAA^^ , 


VCj^ = —+ qA^(i^ ■ 


( 2 . 22 ) 


Here, /aa and a denote the geometric flnxes, while q^^ and q^^ are the non¬ 
geometric ones. Moreover, we nse the following convention for the H- and R-flnx 


/A0 = /iA, f\ = ~h^, 

?A° = ta , q^^ = ■ 


(2.23) 


Imposing then a nilpotency condition of the form 
Bianchi identities for the flnxes 


54 


0 leads to the well-known 


U = q I A - I Aq , 
0 = qA'^f^A - /aa?^^, 
0 = /^a/ab - IaaI^b , 


0 — qA^f^A — fAAqE^ , 

0 = f^AqA^ - fAAq^^ . (2.24) 

0 = q^^qA^ — qA^q^^ ■ 


We now want to take the orientifold projection into acconnt. To do so, we hrst 
note that nnder the combined world-sheet parity and left-moving fermion-nnmber 
transformation, the hve types of flnxes behave as 




H -H, 


r 2 p(— 1 ) 


Fl . 


F ^ F , 
Q ^ — Q , 


R R . 


(2.25) 


12 









Thus, under r2p(—1)'^^ only the fluxes F and R are even. Including the holo- 


morphic involution a deflned in (2.1) and recalling (2.7), we can deduce the 


non-vanishing flux components as follows 


5 : 



fA, 


H : 



h\, 

h\ 

F : 

f\a 1 

A 

J a ? 

f\a } 


Q : 


p:X a 

Qx , 

~Xa 

R : 


rpX 




(2.26) 


2.2.2 Superpotential 


Let us turn to the scalar F-term potential (2.15). The Kahler potential appearing 


in Vf is shown in equation (2.16), whereas the superpotential W induced by the 


background fluxes will be determined in the following. For non-trivial fluxes 


and H, it has been shown in 80 that the superpotential takes the form 

A fla, 


hF(i) = 


'M 


d + dnK 


(2.27) 


where, in the present conventions, the complex multi-form of even degree is 
deflned as follows 


= iS -iG'^Ua-iTo.u^ 


(2.28) 


The subscript on the parentheses in (2.27) means that the three-form part of a 


multi-form should be selected, and the operator du is deflned as dn = d — HA. 


tial 81 


Evaluating then (2.27) leads to the familiar Gukov-Vafa-Witten superpoten¬ 


However, in order to account for other geometric as well as non-geometric 
fluxes, the authors in (see also [^[^[^) proposed to replace the operator 
dn in (2.27) by V deflned in ( |2.20[ ), that is 


dfj —y T). 


(2.29) 
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, the case h]l^ = 0 was studied, which we generalize here 


We mention that in 
to 7 ^ 0. The superpotential we are therefore considering is expressed as 


= 


'M 


>M 




A Gq 


^-iSH+ iG'^{F ouj^)+iT^[Q.Cj^) 


(2.30) 


A Gq . 
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Employing then the expansions (2.11) and (2.19) together with (2.3), and us¬ 


ing the action of T> on the cohomology dehned in (2.22), we hnd the following 
expression for the superpotential 


1 E( 2 ) = _ ( fA 

+ iS {hxX^ 


f Fx) 

Fa) 
/\Fa) 
+ iTa {qx'^X^ - q^^Fx) 


(2.31) 


Note that the fluxes are subject to the Bianchi identities ( |2.24 ). We observe that 
the F-flux does not appear in and that the geometric flux couples to the 
odd moduli Furthermore, the peculiar feature of this superpotential is that 
it only depends linearly on the three kinds of moduli S', G“,Tq. 


2.2.3 Contribution to the tadpoles 


The fluxes appearing in the superpotential (2.30) contribute to the tadpole can¬ 


cellation conditions. In general, for a Dp-brane charge the tadpole cancellation 
conditions take the form 




E 


Qh = '). 


D-branes , 
O-planes ' 


(2.32) 


where the sum runs over all D-branes and orientifold planes present in the setting. 
The flux part can be derived by varying the type IIB action with respect to the 
R-R potentials Cp (in the democratic formulation (^). We hnd that 


83 


^Cr, ‘^IIB — 


(- 1 ) 


Z^io 


3,1 xM 


6Cp A 


{d-H3A)d 


lO-p 


(2.33) 


where '^p = dCp-i — A Cps denotes the generalized R-R held strength. To 
obtain the contribution of the non-geometric huxes, we then perform the replace- 

fnl). 


ment shown in (2.29) (see also 

The D3-brane tadpole originates from the variation with respect to C 4 , and 
leads to the familiar H A ^ expression. For the D5- and D7-brane tadpole we 
consider the variation with respect to Cq and Cs, to which non-geometric huxes 
contribute. After a short computation, we obtain 


=-fxh^ +fhA, 

[N^r]a= + hf"a-~ffxa, 

+~fqx^. 

Below we discuss the contribution to Qop due to magnetized D7-branes. 


(2.34) 
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2.3 D7-branes, tadpoles and Preed-Witten anomalies 


When constructing models of particle physics in type IIB string theory, we are 
required to introduce D-branes which, in the present setting, are D3- and magne¬ 
tized D7-branes. Note that these D-branes contribute to the tadpole cancellation 
conditions (2.32), and that the mutual presence of fluxes and D-branes gives rise 
to a number of consistency conditions. The most famous one is the Freed-Witten 
anomaly condition 


84 , following from the relation dJ^ = H for the two-form 


gauge held 


J- — F 2 -\- B 2 (2.35) 

on the D-brane. This implies that = 0 for every three-cycle Ta in the 

D-brane world-volume. In this section, we discuss the contribution of D-branes 
to the tadpole cancellation conditions, and we derive generalized Freed-Witten 
anomalies for D-branes in non-geometric hux backgrounds. 

2.3.1 D-branes and tadpole contribntions 

We begin by recalling some fact about D7-branes in type IIB orientifolds. In order 
to keep our discussion general, it is useful to work in the upstairs picture and 
carry out the orientifold projection later. For that purpose, upstairs, we introduce 
all objects such that the orientifold projection leaves the whole conhguration 
invariant. 

The generic single-brane conhguration we are considering consists of a D7- 
brane wrapping a homological four-cycle S in Al, and carries an abelian gauge 
hux £ = (A) along the four-cycle. From the upstairs point of view, the orientifold 
projection Dp(—maps such a brane to an image brane, wrapping an image 
four-cycle E' with an image gauge hux £'. Neither item of the data has to be 
orientifold invariant by itself. Instead, for a generic U{1) brane conhguration we 
have 


S — S_|_ -|- S_ \ f2p(—i)^L(T 

£=£++£.) 


\£' = -£++£. J ' 


(2.36) 


where the overall minus sign for £' comes from the fact that the gauge held is 
odd under Dp(—1)^^^. The huxes as well as the Poincare duals of the four-cycles 
are two-forms, that we can expand in the basis (2.7) as 


[S]+ = , 

£+ = e" (Ua , 


[S]_ = , 

£- = e“ (Ua . 


(2.37) 


A stack of N such brane-image-brane pairs contributes to the D7-, D5- and D3- 
brane tadpole equations (2.32). For the present setting, we can refer for instance 
to 


83,^ (see also 78 for a more extended discussion) for the contribution to 
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the tadpoles. With x(S) the Euler number of the four-cycle S wrapped by the 
D7-brane, we hud 

Qd 3 =-Ate^e^m'^KABC - , 

[Qds]^ = +2A^(m“e^-1-e“m^) Kaab , (2.38) 

[QdyT = +2Atm“. 


2.3.2 Preed-Witten anomalies 

Let us now turn to the Freed-Witten anomaly cancellation conditions. This issue 


has been discussed in similar conhgurations of D-branes and fluxes in 56,65 


In the presence of geometric flux, the Freed-Witten conditions guarantee that 
the cycle wrapped by the D-brane is still closed in the deformed geometry. For 
the previously introduced D7-brane wrapping S = S_|_ -|- S_ this means that 


T>[S] = ( f^a^x - fxal3^) + {f^aOix - fxo,l3^ ) = 0 . 


In components, this relation can be expressed in the following way 

0 = 


0 = m^fxc 


0 = m°‘ f^c 

0 = "^“/ao 


(2.39) 


(2.40) 


In order to generalize (2.39) to include non-geometric Q- and i?-fluxes, let 


us note that a U{1) brane can result in a gauging of axionic shift symmetries. 
This leads to the so-called generalized Green-Schwarz mechanism, which plays 
an important role for canceling possible chiral gauge anomalies in four dimen¬ 
sions. The couplings relevant for the Green-Schwarz mechanism originate from 
the Ghern-Simons action of a D7-brane and read 


5, 


cs ~ / Cq A F 2 — Cq A F 2 

Jrs.IxS J]R3,1xS' 


+ j C 4 AS AF 2 - C 4 AS' AF 2 + 

Jrs.IxE JRS.ixS' 


(2.41) 


where F 2 denotes the four-dimensional abelian gauge held and S, as before, de¬ 
notes the internal background gauge held supported on the D7-brane. The ellipsis 
indicate that there are additional terms in the Ghern-Simons action, which are 
however not of importance here. 


Let us now focus on the hrst line in (2.41) and expand the R-R form Cq in 


the basis of even and odd four-forms shown in (2.7). Ignoring terms of diherent 
degree in the compact space, we hnd 


Cq — C2,a^°^ + C2,a^°‘ + . . . 


(2.42) 
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Performing a dimensional reduction of the first line in (2.41) to four dimensions, 
we obtain the Stiickelberg mass terms 


4s~/ 2m“C'2,.AF2. (2.43) 

As usual, such a term implies a gauging of shift symmetries of the zero-forms 
dual to C 2 ,a in four dimensions. In the present setting, we have the relation (see 
for instance |78]) 


a 


2,a 


< -^ -c“ 


(2.44) 


where the four-dimensional scalars c“ have been dehned in (2.9). The gauging of 


the shift symmetry means that under a f/(l) gauge transformation A ^ A + d\ 
the scalars transform as 


c“ -)■ c“ -f m“A , 


(2.45) 


where A is the open string gauge held on the D-brane with held strength F 2 . 
Since gauge invariance is a fundamental property of all interactions, we have 
to require that the hux induced superpotential (2.31) is gauge invariant. This 


imposes extra constraints on the huxes, which are the generalized Freed-Witten 


anomalies. More concretely, in order for the superpotential (2.57) to be invariant 


under (inhnitesimal) transformations (2.45), we have to impose 


0 = m“/^a, 
0 = m^fxa , 


0 = Kahc qx^ , 
0 = Kabcm^q^°‘ ■ 


(2.46) 


Note that the hrst column corresponds to half of the conditions shown in (2.39). 


We next turn to the second line in (2.41) and perform a similar analysis. We 
expand the R-R four-form C 4 as 


C 4 = 


+ Co Ua + ■ 


(2.47) 


and dimensionally reduce the Chern-Simons terms. The resulting Stiickelberg 
mass terms take the form 


5 


( 2 ) 

cs 


r\j 



+ Kabc'm'^C^ 


A F 2 . 


(2.48) 


The four-dimensional two-forms Cf are dual to the four-dimensional scalars pa 
appearing in the Kahler moduli Tq, whose shift symmetry is again gauged. In 
particular, under open string U{1) gauge transformations A ^ A dX, we have 

Pa^ Pa+ + Kabcm^'c'^ A . (2.49) 
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The gauge invariance of the superpotential (2.57) together with the relations 


(2.46) then leads to the following Freed-Witten conditions 


0 = qx" 


0 = 


(2.50) 


Let us conclude this section with the following two remarks on the generalized 
Freed-Witten constraints derived above: 


The relations shown in (2.46) and (2.50) imply that a pure D7-brane placed 


on an orientifold-even four-cycle with vanishing gauge flux satishes the gen¬ 
eralized Freed-Witten constraints. Such a brane would carry SO/SP gauge 
group. 

Once we deform it to a f/(1) brane, either geometrically or by gauge flux, we 
hnd extra non-trivial constraints. Note that this generically also leads to a 
chiral matter spectrum on the D7-branes. Thus, we expect that the Kahler 
moduli governing the size of the four-cycle wrapped by a (chiral) D7-brane 
cannot be stabilized by turning on (non)-geometric fluxes. We investigate 
this effect for certain examples later. This situation is reminiscent of the 
freezing of Kahler moduli via brane instanton effects 


2.4 S-dual completion of non-geometric fluxes 

With the additional geometric and non-geometric fluxes F, Q and R, the super¬ 
potential (2.30) does not transform covariantly under S-duality. In particular. 


a non-vanishing Q-flux spoils the invariance of the scalar potential (2.15) under 


S'L(2,Z); it has therefore been suggested to introduce a so-called P-flux in or¬ 
der to restore the covariance oi W 55 . Further aspects of P-fluxes have been 


considered in Here we are mostly interested in extending the 

superpotential to include G-moduli. 

To address this point, let us begin by recalling that the ten-dimensional type 
IIB action (in Einstein frame) is invariant under the following transformatiorj^ 




aS — ib 
icS + d' 


C2 

B2 


-)■ 


a b 
c d 


(2.51) 


where the matrix with components a, b, c, d is an element of SL{2, Z). The Kahler 


potential (2.16) transforms under SL{2,Z), and thus the superpotential W has 
to transform as well for the scalar F-term potential (2.15) to be invariant. More 
concretely, we have 


K ^ K 


log flics' -|- d\ 


W 


1 


icS + d 


W. 


(2.52) 


^In the conventions employed here, the combination C 4 — ^ C 2 A B 2 is invariant under 
5'L(2,Z), and the unusual factors of i in the transformation of S are due to S' = e~‘^ — iCg- 
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Turning now to the moduli shown in 
following transformations 


tablefrom (2.51) we can determine the 




icS + d 




T -)■ T ^_ 

OL ' ^ a. ' ^ . 


2 icS + d 




(2.53) 


Let us note that despite these somewhat involved transformations rules, the term 
—21ogV in the Kahler potential (2.16) stays invariant. This is to be expected 
since V = depends only on the two-cycle volumina {t"} (in Einstein 

frame), which do not transform under S'L(2,Z). 

Given the above results, we can now construct an SL{2, Z)-covariant extension 
of the superpotential (2.30). In particular, in analogy to the Q-flux we introduce 
a so-called P-flux 55 as a map 


P • : p-form —)■ (p — l)-form, 


(2.54) 


which transforms in combination with Q as a S'L(2,Z) doublet 



(2.55) 


Note that the action of the P-flux (2.54) is analogous to that of the Q-flux. In 
particular, extending (2.22) we have 


-P • ttA = Pa'^uja , -Pm (3^ = p^^cua , 

— P»Ua = 0 , —P •UJ^ = —p^^ttA + ■ 


(2.56) 


For the superpotential, we then require the transformation behavior shown in 
(2.52), which leads us to the following expression 

^-iSH 


iy(3) ^ 


'M 


(2.57) 


A Gq. 


PiG^^ (P o cJq) 

([g - *^P] • c5“) + ^ K^bcG'^G^ (P • c5“) 

Evaluating this expression leads to 

^(3) ^ ^(2) ^ ^ (pa“X^ -p^“Pa) . (2.58) 


Note that this superpotential contains new terms S'T^, as well as terms quadratic 
in the helds. Furthermore, the term involving the geometric flux P transforms 
covariantly under SL{2,7j), and therefore no additional flux parameters have to 
be introduced. This observation is particularly interesting, because it contradicts 
the common expectation that for every known flux one has to introduce a dual 
flux, when constructing a duality-invariant theory. One explanation might be 
that the geometric flux involves solely the metric which does not transform under 
S-duality. 
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3 Non-supersymmetric flux vacua 

In this section, we analyze the flux induced scalar potential in several examples 
with increasing complexity. We will not be completely speciflc in the sense that we 
do not present a concrete Calabi-Yau three-fold with a fixed orientifold projection. 
Instead, we only specify the data at the level of supergravity by taking a set of 
moduli together with their Kahler potential and superpotential. We believe that 
this approach gives a representative picture of the structure of mathematically 
well-defined models of background geometries. The intention is to learn about 
the structure of the flux landscape, in particular about the space of stable non- 
supersymmetric minima of the scalar potential. Since in later sections we apply 
our findings to string phenomenology and string cosmology, in this section we 
focus on the following properties: 

• Vacua should be non-supersymmetric and tachyon-free, so that after uplift¬ 
ing they can lead to stable de Sitter vacua. 

• The moduli should be stabilized in the perturbative regime, i.e. at weak 
string coupling and large radius. 

• All saxionic moduli should be stabilized with axions providing candidates 
for the inflaton and possibly dark radiation 

The aim of this section is to gain some insight into a subset of generic and well- 
treatable models, which show a particular scaling behavior with the fluxes. The 
ratios of the latter provide relations among the various mass scales of the back¬ 
ground, such as the string scale, the Kaluza-Klein scale, the moduli-mass scale, 
the inflaton-mass scale and the soft-term scale. After briefly describing some 
generalities, we consider particular examples. First, we discuss models without 
complex structure moduli, in which Kahler-moduli stabilization can occur due to 
non-geometric fluxes. Then, we study cases with all types of moduli. Readers 
who are primarily interested in the phenomenology can skip parts of this section 
and come back later when a certain model is used later. 


3.1 Generalities 


Our starting point is the M 
recall for convenience 


1 supergravity scalar potential (2.15), which we 


V 


dvr 


e‘^(l<'^D,WDjW - 3 



(3.1) 


where Kj-j = djdjK, and DjW = djW + {djK)W. The indices run over the 
moduli fields displayed in table [T} and for ease of notation we set 


S:=s + ic, -.='ijj^ + iri°'. 


(3.2) 
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The Kahler potential is determined from (2.16), and turning on fluxes induces 


superpotentials of the form shown in (2.31). When S'-dual P-flux is included, 


there are additional terms derived from (2.57). 


The Planck mass in (3.1) is Mpi = (SttG) ~ 2.435 ■ lO^^GeV in our con¬ 
ventions. As usual the string mass is Mg = {a ')~2 ^ and in terms of Mpi the string 
and Kaluza-Klein scales can be expressed as 


= 


yTM] 


PI 


S 4 Va 


Mkk = 


Ml 


PI 




2 ? 
3 


(3.3) 


where s = e~^ (see e.g. [^). Recall that V is the volume of the Calabi-Yau 
manifold in Einstein frame measured in string units, namely V = Vol/^® with 
is = 2'K\/a'. 


Supersymmetric extrema of the potential (3.1) are generically AdS. Such ex¬ 


trema are stable even if the Hessian of the potential has negative eigenvalues. 
Indeed, as it is well known, for AdS vacua tachyonic fluctuations are stable pro¬ 
vided they satisfy the Breitenlohner-Freedman bound 


m Mp 2 P ^ Vo , 


(3.4) 


where Vq is the value of the potential at the extremum and m? is the physical mass. 
For supersymmetric extrema the bound is always verihed. At a given extremum 
of a potential V the squared physical masses for the canonically normalized helds 
can be computed as the eigenvalues of the matrix 


(M^)} = 


(3.5) 


with Vkj = \dkdjV 94 . It is also useful to introduce the gravitino mass term 


2 47r 


(3.6) 


with Kq and Wq denoting the value of the Kahler and superpotential in the min¬ 
imum. The scale of supersymmetry breaking is determined by the non-vanishing 
F-terms DjW. In general there are numerical factors coming from 

that are fixed by the geometry which we do not specify here. 

We use conventions in which the flux parameters entering in the superpotential 


are quantized. These fluxes are constrained by the Bianchi identities (2.24), and 


they induce tadpoles (2.34) for the R-R p-form potentials that can be cancelled 


by couplings to appropriate sources. In particular, magnetized D7-branes give a 
specihc contribution to the R-R tadpoles as indicated in (2.38). In turn, including 


D-branes leads to additional Freed-Witten cancellation conditions on the fluxes. 


c.f. (2.46) and (2.50) 


Non-geometric fluxes were originally considered in 54 . Subsequently many 


authors have looked into the question of moduli stabilization due to a scalar 
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potential induced by non-geometric fluxes 55 57,59 72 . Similar vacua have also 


been constructed and analyzed in detail in the T-dual type IIA language 86,95 


109 . In this paper we direct our search to non-supersymmetric and tachyon-free 


vacua, that can give rise to de Sitter after uplifting. Moreover, we will look for 
vacua in which all saxionic moduli are stabilized whereas axions furnish viable 
candidates for the inflaton. 

3.2 Models without complex structure moduli 

In this section we describe examples in which the fields are the axio-dilaton and 
up to two Kahler moduli, while complex structure moduli are absent. 


3.2.1 Model A 

2 1 11 

Let us consider the simple case of a CY manifold with h_’ = 0 and =1. One 
can consider this model as the isotropic six-torus with frozen complex structure 
modulus. In this situation the Kahler potential is given by 

A = -31og(T + T)-log(5 + :S). (3.7) 

We also consider NS-NS flux = h, the non-geometric flux qo^ = q, and the 


R-R three-form flux = f. These fluxes satisfy the Bianchi identities (2.24), and 


are subject to the quantization condition f,h,q G Z. From (2.31) we determine 
the corresponding superpotential as 


W = if + ihS + iqT, 


(3.8) 


where we have set = 1 and Fq = i. The resulting scalar potential takes the 
very simple form 


1 / = 


dvr-24 




ST^ 


6 hqs + 2qf 5q‘^ , ^ , ^2 

+ 7Z3 + qp) 


ST^ 


3st 




(3.9) 


which only depends on the following linear combination of axions 

9 = he + qp . 


(3.10) 


Hence, the orthogonal linear combination of axions is not stabilized by the po¬ 


tential (3.9). 


The extremal points of (3.9) are obtained by solving for dgV = drV = d^V = 


0, and we And the three solutions shown in table Note that the fluxes must be 
chosen so that the values of s and r are inside the physical domain s, r > 0. 
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solution 

(s,t,6) 

susy 

tachyons 

A 

1 

2 

3 

(-1 _3f 0 ) 

V 2hi 2qi^) 

^ 0) 
Vsh’ 8 <j’ ^ 

("_! o') 

yes 

no 

no 

yes 

yes 

no 

AdS 

AdS 

AdS 


Table 2: Extrema of the scalar potential (3.9) for model A. 


The first solution in table is the supersymmetric one, since here DtW = 
DsW = 0. As IT does not depend on one axionic direction, the no-go 
theorem of implies that the saxionic partner is tachyonic, which can 
indeed be conhrmed for this minimum. However, as expected in the super- 
symmetric case, the Breitenlohner-Freedman bound (3.4) is satished and 
the minimum is stable. 


• Solution three of table is non-supersymmetric and has no tachyonic di¬ 
rections. Such AdS vacua we call strictly stable, as they can be uplifted 
to stable de Sitter vacua. Moreover, for \f/h\ S> 1 and \f/q\ S> 1 we ob¬ 
tain weak string coupling and large radius, so that it is justihed to ignore 
higher-order corrections to the scalar potential. Note that the scaling of 
the stabilized moduli with the fluxes implies that all terms in the superpo¬ 
tential are of the same order. For 6 = 0, the potential has the shape shown 
in figure [Tj 


13.0 


V 


12 



Figure 1: The scalar potential V in units of for h = q = 1, f = 10, showing the 
expected stable minimum at sq = 10 and tq = 12. 

So far, one linear combination of axions remains unstabilized. Let us analyze 
whether this modulus can be given a parametrically-light mass by turning on 
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more general fluxes. If that can be achieved, this axion is a good candidate for 


realizing F-term axion monodromy inflation. From (2.31) we determine the most 
general superpotential (without P-flux) as follows 

W = —f + if + i{h — ih) S + i{q — iq) T, (3-11) 

with f = fo, h = and q = q^^. The only non-trivial Bianchi identity following 


from (2.24) reads 


hq — hq = 0 , 


so that the superpotential (3.11) reduces to 


W = -f + if+ 1 


i- I i(hS + qT). 

1, 


(3.12) 


(3.13) 


Therefore, W still depends only on the linear combination of axions (3.10), so that 


the orthogonal direction remains unhxed. In fact, the vacua of the superpotential 


(3.13) can be determined analytically and share the same qualitative structure of 


the three minima shown in table [U 

Let us now turn to the contribution of the fluxes to the tadpoles. From the 


expressions shown in (2.34) we hnd 


Nlf = fh, 


Afflux _ Q 




(3.14) 


For the extrema 1 and 3 in table we have < 0 and < 0, whereas 

it is the opposite in extremum 2. Note that since in this model the Q-flux q^^ 
has been turned on, the FW-condition forbids to wrap a magnetized D7-brane on 
the single homological four-cycle Si = [cji]. Therefore, for non-trivial flux, the 
D7-brane tadpole can only be cancelled by a number of un-magnetized D7-branes 
wrapping Si and giving SO/SP gauge symmetry. A chiral gauge/matter sector 
is not possible. 

We hnally compute the mass eigenvalues and eigenstates for the canonically 
normalized helds and compare them to the string and Kaluza-Klein scales. Eval¬ 
uating the physical mass matrix ( |3.5[ ) for the non-supersymmetric tachyon free 
minimum (solution 3 of table gives 


^P 1 




47r-24 54^2 


/ 60hg 
25 
0 
0 


12^2 

2hhq 

0 

0 


0 

0 

I2hq 

25g2 


0 \ 

0 

12^2 

25hq/ 


(3.15) 


The mass eigenvalues can be written as 


^mod,i — hi 


Ml, 


hq^ 
f2 47r ■ 2 * 


(3.16) 
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with the numerical values 


_ f 25(17 + V^) 25(17 - V^) _ 185 

I iTTo ’ iTTo ’ cr A ’ 


108 


108 


— ,0) ^ (6.2,1.7; 3.4,0). (3.17) 


The eigenvectors of the hrst (last) two masses are combinations of saxions (ax- 
ions). The massless state is the axionic combination {qc — hp), and the three 
massive states are parametrically of the same mass. The gravitino shares the 


same flux dependence as the moduli (3.16) with the numerical prefactor /is = 
I ~ 0.833. This model should be considered as our simplest prototype example 
and we will come back to it throughout this paper. 

3.2.2 Model B: inclusion of moduli 

Let us consider a generalization of the previous model and add a G-modulus 
as well as a geometric flux. The underlying CY manifold therefore has to have 


Hodge numbers h^_l^ = 0 and = htl^ = 1. Using (|2.10|), the Kahler potential 


1,1 


1,1 


IS 


77 = -31og (T + T) + 


K 


— {G + GY)-\og{S + S), 


(3.18) 


4(S + S) 

where for later convenience we have set k := 2Kaab for a = a = b = 1. We turn 


on fluxes such that the superpotential (2.31) becomes 


W = if + ihS + iqT-ifG, (3.19) 

with f = Y, h = ho, q = qo^, and / = foi- For this set of fluxes, the contribution 


to the tadpoles (2.34) is given by 




KT = -ff, 


KT = h • 


(3.20) 


The signs of these tadpoles depend on the signs of the fluxes, which are in turn 
hxed by the condition that the saxions have positive vevs. In the most interesting 
vacuum discussed below we must demand g, h < 0 < /, f for which all tadpole 


contributions in (3.20) are negative. 


The scalar potential can be computed from (3.18) and (3.19), for which we 


hnd three AdS extrema. One of them is supersymmetric and tachyonic, another 
one non-supersymmetric and tachyonic and the other one non-supersymmetric 
and non-tachyonic. In the following, we focus on the non-supersymmetric non- 
tachyonic extremum which is characterized by 


r = 


(6 + a:) f 


5(1 + x) q^ 
0 = qp — fr] + he, 


s = 


1 f 

X + 1 h^ 


Y = 


2x f 


x + 1 / ’ 


(3.21) 
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where we remind the reader that our conventions for the modulus G are shown 


in (3.2). In (3.21), we have simplihed the formulas by introducing the parameter 

P 


X = 


nhq 


(3.22) 


As expected, the superpotential (3.19) fixes only one linear combination of axions. 


Furthermore, notice that all the saxion vevs in (3.21) scale with f, which has to 


be large to be in the perturbative regime. In the minimum specihed by (3.21), 
the superpotential becomes x-independent and we are left with 


Qi ~ 

VU = --f, 


(3.23) 


We also note that for the other extrema in this model, we hnd a similar scaling 
with the flux, namely Wq ~ f. The scalar potential at the above-mentioned 
minimum is given by 


= - 


2^ ■ Mj, 25 

dvr 864 f2 ^ 


(3.24) 


where the dependence on x originates from the factor. The masses are given 
by the following expression 


,-2 2^ ■ Mpj hq^ 

— 7 -- (1 + > 


dvr 




with the numerical coefficients 


Pi (0.097, 0.026, 0; 0.054, 0, O) 


(3.25) 


(3.26) 


The hrst three entries correspond to (linear combinations of) saxionic moduli, 
while the last three entries are axionic combinations. A novel feature is the 
appearance of a massless saxion in the direction of (/t qip). The gravitino 


mass has the same flux dependence (3.25), with the numerical factor given by 




3.2.3 Models with two Kahler moduli, Pp = 2 

Next, we investigate the effect of having several Kahler moduli. To this end, we 
consider models, whose Kahler moduli sectors can be thought to be based on the 
K3-£bration Pi, 1,2,2,2 [8], and the swiss-cheese manifold Pi, 1,1,6,9 [18]. It turns out 
that the vacuum solutions of the Pp = 1 example generalize, but the spectrum 
contains additional tachyons. 
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solution 

{s,Ti,T2,9) 

susy 

tachyons 

A 

1 

2 

3 

4 

f_i _i 0) 

fl i i 0) 

8h ’ 4gi ’ 892 ’ ^ 

0) 

' h ’ 5gi ’ 5g2 ’ ' 

_TL _1 0) 

' 5h ’ 5gi ’ 52 ’ ^ 

yes 

no 

no 

no 

2 

2 

1 

1 

AdS 

AdS 

AdS 

AdS 


Table 3: Extrema of the scalar potential in the K3-fibration model. 


K3-fibration In the Kahler sector of Pi, 1 , 2 , 2,2 [8] the intersection numbers are 
such that the Kahler potential splits into sums and is given by 


K =-2 log(Ti + Ti) - log(T 2 + T 2 ) - log(5 + S ), 


(3.27) 


where for simplicity we have set h^_!^ = 0. Fluxes are chosen such that the 


superpotential (2.31) takes the form 


W = if + ihS + iqiTi + iq2T2 , 


(3.28) 


with f = h = ho and - for ease of notation - with qi = go*- The resulting 
scalar potential has four AdS vacua summarized in table three of which are 
generalizations of those in table The stabilized axion is 9 = qipi + q 2 P 2 + he, 
and the potential does not depend on the two orthogonal axion combinations 
which thus remain unstabilized. 

The physical masses of the helds scale with the fluxes in the following way 


M, 


mod,i hi 


hqlq2 


M: 


pi 


f 


2 dvr ■ 2^ 


(3.29) 


where the numerical factors pi depend on the specihe solution. The cosmologi¬ 
cal constant is negative and has the same relation to the fluxes as the physical 
masses. The supersymmetric case contains, as expected, two tachyons above the 
Breitenlohner-Freedman bound; for the non-supersymmetric vacua, tachyons are 
below the bound. In vacua 1, 2 and 3 there is a tachyon given by the combination 
of saxions rtac = <? 2 'ri — <?iT' 2 - In section |0 we will see that this tachyon can be 
lifted by adding a D-term to the F-term potential. 


Turning to the tadpole conditions, according to (2.34) in this model the flux 
contributions are given by 




[]V«“] ‘ = Pi, 




(3.30) 


For the vacua 1, 2 and 3 to have positive vevs for the saxions, we take for 


concreteness f < 0 and the remaining fluxes positive. The contributions (3.30) to 
the flux tadpoles are then all negative. 
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solution 

(s,ri,r2,0) 

susy 

tachyons 

A 

1 

( f 

2h’ 2(g3+gf)’ 2{qf+qi)^ ^ 

yes 

2 

AdS 

2 

( f 3fg3 3f(j2 rj\ 

'^ 8 / 1 ’ 8(g3+q3), 8(g3+g3),UJ 

no 

2 

AdS 

3 

( f 6 fq 2 6 fg 2 . 

ft’ 5 (qf+gf) ’ 5(q^+q|)’ 1 

no 

1 

AdS 


Table 4: Extrema of the ‘swiss-cheese’ scalar potential. 


Swiss cheese As a second example we discuss the Kahler sector of the swiss- 
cheese Calabi-Yau Pi44,6,9[18] with Kahler potential 

K = - log(5 + S)-2 log ((Ti + Ti)3/2 - (T 2 + • (3.31) 

As in the K3-£bration example, for the superpotential we choose 

W = zf + zhS + zqiTi + zq2T2, (3.32) 


and the complex structure sector of Pi^i^i^6^9[18] is again set to zero for simplih- 
cation. 

In case that the non-geometric fluxes satisfy qiq 2 < 0, we hnd four extrema of 
the potential with data summarized in table The linear combination of axions 
^ = QiPi + Q2P2 + he is stabilized, but two orthogonal combinations remain 
unstabilized. 

The physical mass eigenvalues exhibit the following scaling with the flux pa¬ 
rameters 


^mod,i — pi 


h{ql + ql) M^i 


f2 


dvr 


(3.33) 


with vacuum-dependent numerical coefficients /ij. The vacua are analogous to 
those in the examples discussed so far. In particular, as in the two previous models 
with = 2, there is an additional tachyonic state given by a combination of 
the saxions of the two Kahler moduli, either T and G, or Ti and T2. In section 


4.1| we show that this tachyon can be uplifted adding a D-term to the potential. 

To have positive saxion vevs, for definiteness we take h > 0, {qf + q^) > 0 
and f < 0 in vacua 1 and 3, but f > 0 in vacuum 2. The flux tadpoles are 
again given by (3.30). Then, in vacua 1 and 3 the D3-brane tadpole is < 0. 
Satisfying qiq 2 < 0 via gi > 0 and q 2 < 0, the two D7-brane tadpoles have signs 


< 0, and > 0. 


















3.3 Flux scaling minima with complex structure moduli 

Let us now consider models which have complex structure moduli, and ana¬ 
lyze whether they admit strictly stable, non-supersymmetric minima of the flux- 
scaling type encountered before. 


3.3.1 Model C 

To begin, we analyze a model with = 1 and = 1, for which the Kahler 
potential in the large complex structure limit can be written as 


/L = -3 log(T + T) - log(^ + ^) - 3 log {U + U). (3.34) 


One can view this model as the isotropic six-torus. In the superpotential we have 
now more fluxes available, which of course have to satisfy the Bianchi identities. 


For the flux superpotential (2.30) we choose 


W = -fo- -hUS- qUT , 


(3.35) 


where we note that f/^ denotes the square of the modulus f/, and where h := hi 
and q := qi. Note that this superpotential only depends on the linear combination 
of axions {hc + qp), and thus leaves its orthogonal combination unstabilized. The 
latter is a possible inflaton candidate, and we analyze below whether by turning 
on additional fluxes a (parametrically small) mass can be generated. 


Analyzing the scalar potential following from (3.34) and (3.35), we hnd two 
interesting extrema. The first one is the supersymmetric AdS minimum with 
values of the moduli 


r = - 18 n^, 

q 

0 = he + qp, 


s = —Qv — , 
h 


u = 0. 


2 1 fo 

V = - — , 

9 fi ’ 


(3.36) 


Since one axion is unstabilized, this extremum contains tachyons which are above 
the Breitenlohner-Freedman bound. The second extremum is a non-supersym- 
metric tachyon-free AdS minimum with frozen moduli 

F 

r = —15n — , 

q 

0 = he + qp, 

For h,q < 0 < all moduli are in the physical regime. The scaling of the 

moduli with the fluxes can already be detected from the superpotential, which is 
also the case for the other extrema we found. For this scaling, all terms in W are 
of the same order fo. The contribution of the fluxes to the tadpoles are 

Afgr = f‘'>. A';!r = o. = (3-38) 


. = - 12 .^, 
u = 0. 


v^ = 


1 fo 
3 ■ 10^ f ’ 


(3.37) 


29 






Note that the flux fo does not contribute to any of the tadpoles. Therefore, 
by scaling fo S> f^,h, g ~ 0(1), we can ensure that all moduli are fixed in the 
perturbative regime. 

Let us now analyze the non-tachyonic model (3.37) in more detail. The moduli 
masses in the canonically normalized basis are 


^modA hi 


hq^ 


Mh 


4x.2’' 


(3.39) 


with numerical values 


p ^ (2.1, 0.37, 0.25; 1.3, 0.013, O) . 


(3.40) 


The first three eigenstates are saxions and the last three are axions. The massless 
mode is the axionic combination {qc — hp). Note that the lightest massive mode 
is axionic, and although not parametrically light, its mass is numerically light. In 
fact, it is by a factor of 1/5 smaller than the second-lightest massive state, which 
is purely saxionic. For the gravitino mass the flux dependence is the same as for 
the moduli masses, with the numerical prefactor given by /is 0.152. 


3.3.2 Model D 

We next consider a variation of Model C, with the same Kahler potential 

77 = -3 log(T + T) - log(5 + F) - 3 log {U+ U) , (3.41) 

but with a different superpotential 

W = i}iU + if S + ?>iq^U^T. (3.42) 

Note that here we introduced fi = —fi for notational convenience. 

For this model, we And extrema of the scalar potential in which the flux 
dependence of the moduli is governed by the following overall scaling of the 
superpotential 


Wo ~ 



(3.43) 


For instance, there exists a supersymmetric AdS minimum with values of the 
moduli 


2 f° 

T = -X n 

3 q^ 


s 


2 f 
9 hi 




0 = h^c -I- q^p, u = 0 . 




(3.44) 
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For this solution there are tachyons in the spectrum, that however fulhll the 
Breitenlohner-Freedman bound. The value of the potential at the minimum is 
given by 


Vn = -27 ■ 32 


M^i 


{q^y 

(FW 


(3.45) 


We also hnd a non-supersymmetric strictly stable AdS minimum with frozen 
moduli 


r = 


52 f 


s = 


3-22 q 

0 = h^c + q^ p, 


22 f 


3-22 hi 


= loi fc, 
f 


(3.46) 


u = 0. 


Note that for q^,h^ < 0 < the moduli are in their physical regime. The 

non-trivial contribution of the fluxes to the tadpoles given by 


N^T = 


^flux 

I'D? 



(3.47) 


which in the physical regime are negative. We furthermore note that the flux fo 
does not enter into the tadpoles. Thus, to guarantee weak coupling and large 
radius we can take large fo, together with fi, h^,q^ ~ 0(1)- The value of the 
potential of the non-tachyonic model (3.46) in the minimum is found to be 




216-23 hi(gi)3 


M^i 


53 (fi)l(fO)f 47r-27 ’ 


(3.48) 


which is smaller than the potential (3.45) in the supersymmetric extremum. The 
moduli masses in the canonically normalized basis are 

hi(gi)^ 


M, 


mod,i h* 




(f,)^(f)i 47r-27’ 


(3.49) 


with 


Pi = (291, 52, 35; 210, 1.8, O) . 


(3.50) 


The hrst three eigenstates are saxions and the last three are axions. Note that 
again the lightest massive mode is an axion, whose mass is smaller than the 
lightest saxion by a factor 1/5. The gravitino mass is again of the same order as 
the fluxes with numerical prefactor ps k. 114. 

It is interesting to notice that the isotropic torus model D is related to model 
C by the transformation U ^ 1/U under which 


IT ^ - 


i 

IP 


-fit/2- f - 3h^U S -Sq^UT 



(3.51) 
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Hence, e^\Wy = f and the resulting scalar potential is basically the same 

as in model C because W above has the same form as the superpotential in (3.35). 
Indeed, notice that the vevs in both models, for instance (3.37) and (3.46), match 
under U —)■ 1/U and appropriate redehnition of the fluxes involved. This kind 
of transformation was exploited in 60,62 to classify the allowed superpotentials 
induced by non-geometric fluxes. Moreover, duality symmetries in moduli space 
allow to £x the moduli vevs, thereby simplifying the search for vacua 66,110 . In 


non-toroidal models the transformation [/ —>■ 1/f/ is not expected to be a duality, 
but still it can be used as a solution-generating technique. 


3.3.3 Freezing axionic moduli 

Let us consider the case of a CY manifold with = 1 and = 1, for 

which the Kahler potential reads 

A' = -3 log ((T + f) + ^ (G + G)") - log(S + 3) - 3 log (A + £7). 

(3.52) 

Although the resulting Kahler metric is off diagonal, we can still hnd extrema by 
extending the superpotentials of models C and D to include a term depending on 
the G modulus. Here, we just present the generalization of model D. Turning on 
an additional geometric flux leads to 

W = ifiU- ffU^ + 3ih^U^S + 3iq^U^T - 3if^U^G, (3.53) 


where we again introduced fi = —fi. Similarly to model D, we obtain extrema 
with the flux scaling of Wq shown in (3.43). In particular, we hnd a strictly stable 
non-supersymmetric AdS minimum characterized by 


1 a; + 5 f 

-r —TT 

3.102 a; + 1 


4 1 f 

3.105 1 + x hi 


V 


2 


lovii 


8 X (3.54) 

3 ■ lOi 1 + x /I 


0 = h^c-t-g^p —M = 0, 


where 





(3.55) 


To ensure that the moduli are in the physical regime, we require < 0 < fi, f°. 
The hux induced tadpoles, which are again given by (3.47), are negative and do 
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not depend on fo. We can then achieve weak coupling as well as large radius 
taking fo 3> 1, and ~ 0(1). The value of the scalar potential at the 

minimum is 


K, = 


27 h^{qy{l + x) 


PI 


20-104 ( fi ) 5 ( f )2 dvr -2 

and the mass eigenvalues of the helds are 

^ (1 + ^) Ml 

(fi)^(f)^ 47r-2’ 

with the numerical prefactors given by 

Pi = (4.6, 0.82, 0.55, 0; 3.3, 0.028, 0, O) , ps = 0.333. 


(3.56) 


(3.57) 


(3.58) 


The lightest eigenstate is still axionic, but the mass gap to the second-lightest 
state has decreased as compared to model D. As in model B, a saxionic combi¬ 
nation of r and 'ijj has become massless. It would be interesting to know whether 
this is a generic feature of non-tachyonic, non-supersymmetric minima for models 
with odd-moduli. 


3.3.4 Stabilization with non-geometric P-flnxes 

We now want to present models including the S-dual P-fluxes discussed in sec¬ 
tion 2^ The allowed P-fluxes are in general constrained by Bianchi identities. 
The models we analyze fulhll the constraints derived for instance in 55 . We will 
consider examples with and without odd Kahler moduli Ga- 


= 0 We come back to model C with = 1 and hV = 1, for which the 


Kahler potential is given by (3.34). The new ingredient is an additional P-flux. 


As an illustrative example we consider the superpotential 

W = f-3fU^-hSU + pST, 


(3.59) 


with f := — fo, f := f\ h := hi and p := Pq. We hnd the same structure of 
minima as in the other examples with the same Hodge numbers. Note that the 
superpotential is chosen in such a way that every modulus is stabilized. For h 
negative and other fluxes positive, we hnd a tachyon-free supersymmetric AdS 


vacuum at 


3 h 

T = - V . 

2 p 

p = 0, 


s = 


12 f 

T 


c = 0, 


9f' 
u = 0. 


(3.60) 
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The scalar potential and the snperpotential at the minimnm read 


^n = 


288 p3(|) 


si 


(f) 


dvr-27 




and the masses are given by 


M. 


mod,i h'* 


p3(f)l M, 


2 

PI 


h^f)l dvr-27 


where the nnmerical prefactors take the values 
Pi = (52, 31, 15; 73, 17, 5.7) , 


pa = 1.72 


(3.61) 


(3.62) 


(3.63) 


To be in the physical regime we demand h,p < 0 such that the masses are positive 
and the cosmological constant is negative. 

The non-supersymmetric minimum is analogous to the above, except that in 
(3.60) a minus appears in front of f in Thus f should now be taken negative. 


In this case Wq = lOf/3, while the scalar potential and the flux dependence of the 
masses are the same as in the supersymmetric vacuum, except for the extra minus 
sign. The numerical prefactors of the masses are now ps = 10.7 for the gravitino 
and Pi = (52, 31, 15; d5, —3.d, 19) for the moduli, signaling the appearance of 
one tachyon above the Breitenlohner-Freedman bound. 

= 1 It is interesting to extend the previous model by adding one odd Kahler 
modulus G = 'ip + irj. In this case the Kahler potential is given by (3.18). Ac¬ 


cording to the general snperpotential (2.57) the same p flux in (3.59) then leads 


to an additional term quadratic in G, namely 

w = -hSU + p 


K 


ST+'iG^ 
d 


(3.6d) 


where as in the Kahler potential k = 2Kaab with a = a = b = 1. It is important 
to notice that the G^ and ST terms are generated by the same P-flux. Since 
the Kahler potential and the snperpotential differ from the previous ones only 
by terms depending on G there are supersymmetric and non-supersymmetric 
minima with the axionic odd moduli stabilized at p! = rj = 0. The remaining 


moduli still take the values (3.60) in the supersymmetric minimum, while in the 


non-supersymmetric counterpart the difference is again a minus in front of fo. 


The potential and the snperpotential at the minima are still given by (3.61). 


The G modulus decouples from the S, T, U moduli in the canonically normal¬ 
ized mass matrix, thereby leading to the same masses in the S, T, U sector as 
before. On the other hand, r] and ip turn out to be eigenstates of the canonically 
normalized mass matrix. The corresponding mass eigenvalues are of the form 


(3.62) with numerical prefactors pr]) = (0, —3.d) and (0,17), for the super- 
symmetric and non-supersymmetric extrema, respectively. Therefore both cases 
are now plagued with a tachyon and a massless saxion. There exist additional 
extrema with unstabilized V’ 7^ 0 showing the same qualitative behavior. 
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3.3.5 A simple example with = 2 


As the final example, let us discuss the case of more than one complex structure 
modulus. We choose h^_l^ = 2, = 1 and h]l^ = 0 and work with a particularly 

simple prepotential such that Kahler potential reads 

K =-2 log(17i + fJi) - log(f /2 + U 2 ) - log(^ + 5) - 3 log(T + T). (3.65) 

This corresponds to the mirror dual of the Kahler sector of Pi, 1 , 2 , 2,2 [8], which was 
discussed in section |3.2.3[ For the superpotential we take 

W = -fo- (hS + qT + f2Ui + 2~UU2^U^, (3.66) 

where we have set hi = h and qi = q. In the extrema we obtain ui = 0, thus the 
superpotential depends effectively on the axionic combination 9 = hc+qp+2fiU2, 
and the two orthogonal axions are unstabilized. In addition, all extrema contain 


at least one additional tachyon. As expected from the no-go theorem of 48 


the supersymmetric minimum has in fact two tachyonic states, although above 
the Breitenlohner-Freedman bound. A representative non-supersymmetric AdS 
extremum is given by 


9 h 

T = 2 — Vi, 

q 

0 = hc + qp + 2 fiU 2 , 
with 

Kn = -3 


2f2 

^=3h"^ 

Ml = 0, 


k 


2 1 fa 

Vn = - — Vl 


(3.67) 


hhq^ 

3 ^3 

fl fl 


An ■ 27 


hFo = -y fo. 


The eigenstates of the normalized mass matrix can be computed to be 

fihq^ 


^moAA hi 


Ml, 


hi dvr-27’ 


foM: 


(3.68) 


(3.69) 


where the numerical prefactor is /is 16 for the gravitino mass and pi = 
(18, 18, —2, —2; 10, 10, 0, 0) for the moduli masses. The massless eigenstates 
refer to the axionic combinations (2fic — hu 2 ) and {hp — qc), respectively, and 
the tachyonic directions are {hr — qs) and (2sfi — hv 2 )- One can verify that the 
tachyons lie below the Breitenlohner-Freedman bound. 

Let us mention one new feature arising in this model. Computing the values 
of the auxiliary fields F* = e^K^^F-j in the minimum (3.67), we obtain 


pS 

16(fo)i(f)^ 

i-p K 

3h 


pUi 

= 0, 

■w—i T T ^ 

FU2 = e 2 


X 16(fo)i(f)t 


3f7 


(3.70) 
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This exemplifies that accidentally it can happen that an F-term vanishes in a 
certain minimum. As we discuss in section 5, such a result is essential for realizing 
sequestered supersymmetry breaking on the Standard Model branes. 


3.4 General properties of the flux scaling minima 

In this section we summarize the salient aspects of the models constructed pre¬ 
viously. We first explain the systematics behind our search of vacua and then 
address more specific features. 

The defining property of the models is a common flux scaling of W which 
in turn implies a common flux scaling of V and the moduli masses. This is po¬ 
tentially powerful to achieve parametric control over the hierarchies among the 
relevant scales Mg, Mkk and the moduli masses. On the other hand, parametri¬ 
cally controlled hierarchies among the different moduli masses are then excluded. 
Later in section 6, we will try to circumvent this problem by introducing addi¬ 
tional fluxes in W that break the scaling. 

The strategy is to choose a superpotential dictated by a particular scaling. In 
practice this means that only a subset of the allowed fluxes is turned on to ensure 
that the moduli vevs scale in a simple way. A typical example is model C in 
section [3.3.1 In this case, at the extrema Wq ~ fo, whereas sv ^ fo/h, tv ^ fo/q 


and ~ fo/f ^5 as we can easily read from (3.35). 


Generically, for n complex moduli it suffices to switch on u-|-l flux parameters. 
For instance, to stabilize T" we include one flux of type or one of type 
Similarly, for S we take one hx or one hx. For the complex structure moduli we 
need one R-R flux of type fA and one fA. Of course, we have to be careful that the 
chosen NS-NS, R-R and non-geometric fluxes satisfy the Bianchi identities. We 
observe that in the studied examples an off diagonal Kahler metric did not spoil 
the scaling of the potential and the masses. We want to stress that the scaling 
strategy can be used to efficiently engineer models with the desired pattern of 
masses. This will become apparent when we discuss the moduli spectroscopy in 


section 5.2 and axion monodromy inflation in section 6. 


All models include NS-NS and R-R three-form fluxes that lead to stabilization 
of the real parts of the axio-dilaton and the complex structure moduli. Further 
addition of non-geometric fluxes, as well as of geometric ones when ^ 0, en¬ 
ables the stabilization of the Kahler moduli saxions. In general the fluxes always 
allow the existence of supersymmetric AdS vacua which often have tachyons above 
the Breitenlohner-Freedman bound. One of the main and maybe unexpected re¬ 
sults of this paper is that we have also found non-supersymmetric, non-tachyonic 
AdS vacua. We have seen that, once we introduce more Kahler or more complex 
structure moduli, new tachyonic modes appear. A natural question is whether 
one can identify an uplift mechanism for these tachyons, hence enlarging the 
space of good models. In section 4, we will see that a D-term uplift exists for 
tachyons appearing for multiple Kahler moduli. For the tachyons appearing for 
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multiple complex structure moduli, such an uplift is still an open question. 

Equipped with a class of tachyon-free, non-supersymmetric AdS minima, as 
in the LVS scenario, one can proceed to perform string phenomenology studies 
in order to explore what particle physics predictions can be made. This will be 
analyzed in more detail in chapter]^ Recall that in these models (without P-flux) 
typically only one axionic combination is hxed. In chapter we examine how the 
axion sector can give rise to large held inhation. 

A common feature of the models is the existence of R-R tadpoles due to the 
huxes. Interestingly, in most examples of AdS vacua we hnd that and A^^^ 
are negative, as it happens in related T-dual type IIA models 86,100 . Thus, the 


hux tadpoles can be compensated by introducing D3- and D7-branes instead of 
03- and 07-planes. Magnetized D7-branes that induce D3-charge are in principle 
allowed but they are constrained by cancellation of Freed-Witten anomalies. 

The R-R huxes play a special role in the models since they determine the vevs 
of the moduli. This is indeed the case for the complex structure moduli. On the 
other hand, the scale of the dilaton and the Kahler moduli is also set by the R-R 
huxes upon taking the NS-NS, non-geometric and geometric huxes to be 0(1). 
Moreover, as we have seen, in models with complex structure moduli there are 
R-R huxes that do not enter the hux tadpoles at all. It turns out that such huxes 
can be chosen large enough to attain moduli vevs leading to large volume and 
small string coupling. In section we will discuss to what extent these huxes are 
diluted in order to guarantee a reliable supergravity approximation. 


4 Uplift mechanisms 

The models studied in the last section face two problems: all of them have a neg¬ 
ative cosmological constant, and some of them have tachyonic mass eigenstates. 
To make an uplift to de Sitter possible, we therefore discuss a mechanism to up¬ 
lift tachyonic Kahler moduli to a positive mass. Afterwards, we identify possible 
terms that uplift the cosmological constant and discuss their behavior. 


4.1 D-term uplifting of the tachyon 


To uplift tachyons one could think that taking perturbative and non-perturbative 
corrections to K and W into account might help. However, since we have taken 
care of freezing the moduli in the perturbative regime, these corrections are gener- 
ically suppressed against the tree-level values. Of course, this also holds for the 
tachyonic mass. The second and more natural option is to have an additional 
positive-dehnite contribution such as a D-term potential. Thus, in the following 
we study how a D-term of a stack of D7-branes contributes to moduli stabiliza¬ 
tion and the mass terms. An analogous mechanism to uplift tachyons via D-terms 
from D-branes was proposed in 


56 
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K3-fibration To show how the D-term uplift works, we perform our analysis 


in a concrete model. In parti cular, we consider the K3-£bration with = 2 
and = 0 studied in section 


3.2.3 


The Kahler potential is given by 
K =-2 log(Ti + TO - log(T 2 + T 2 ) - log(^ + S ), 


(4.1) 


whereas the superpotential is taken to be 

W = i] + ihS + iqiT^ + iq2T2. (4.2) 


Recall that in this model the supersymmetric AdS minimum is at 

f f f 

T =-, 7-2 = -—, s = -—, he + gipi + g2P2 = 0 , 

qi 2^2 2 h 

and that there also exists a non-supersymmetric AdS minimum at 


(4.3) 


4f 2f f , 

ri = -—, T 2 = -—, s = --, he + gipi + ^ 2^2 = 0 , 
oqi 5^2 h 


which has mass eigenvalues 


m2 


mod,i h* 


hqlq2 MQ 

0 47r ■ 24 ’ 


(4.4) 


(4.5) 


with Hi = (—15, 11, 42; 23, 0, 0). The tachyonic mode corresponds to a linear 
combination of Kahler saxions given by Xtac = <?27'i — qiT 2 - To obtain positive 
vevs for the saxions we take f < 0, h > 0, gi > 0 and q 2 > 0. 

We now introduce a stack of N D7-branes equipped with a U{1) gauge flux 
with 


[ci(T)] = [£] = hD, + l 2 D 2 , (4.6) 

where D 12 are two (effective) divisors in Pi, 1 , 2 , 2,2 [8] and /i ,2 G Z. The D7-branes 
are wrapping a four-cycle dehned by 

T, = miDi + m2D2 , (4.7) 


with mi ,2 G Z, which leads to a D-term potential of the form 


Vd 


Mil , 

2Re(/)‘ 


(4.8) 


Here ^ is the Fayet-Iliopoulos (FI) term of the 77(1) C U{N) carried by the 
branes, which is given by 




1 

V 



J A Ci(T), 


(4.9) 
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and in ( |4.8[ ) we have assnmed that all charged helds have vanishing vevs. The 
holomorphic gange kinetic fnnction for the D7-branes is / = T + xS", where 
X 47J-2 A F denotes the instanton nnmber of the gange flnx on the D7- 
branes. In the example at hand, the volnme is V = 

The wrapping nnmbers (mi, m 2 ) and the gange flnxes are constrained 


by the generalized Freed-Witten anomaly cancellation conditions (2.50), which 
in the present case lead to 


mikq2 + {hm2 + l2mi)qi = 0 . 

Using this condition, we hnd that the Fl-parameter can be expressed as 


e = 


mill 




(jlT, - 2^2X2) . 


(4.10) 


(4,11) 


Note that for a snpersymmetric minimnm, a vanishing F-term implies a vanishing 


D-term. And indeed, the valnes (4.3) give a vanishing FI-term. Moreover, ^ also 


vanishes for the non-snpersymmetric minimnm in (4.4). Therefore, adding the 


D-term will not change the position of either extremnm, bnt dne to its positive- 
dehniteness it is expected to add positive contribntions to the sqnares of the 
saxion masses. 

We now stndy in more detail the effect of adding a D-term to the former 
F-term scalar potential. Concretely, we add 


Un = 


k {qiri-2q2T2f 

T 1 T 2 (miTi m2T2)T2 ’ 


(4.12) 


which is obtained by snbstitnting the varions ingredients in (4.8). Here k is a 


positive nnmerical prefactor and for the gange kinetic fnnction we only inclnded 
the string tree-level part Re(/) = miTi -|- m 2 T 2 - As expected, the position of 


both the snpersymmetric (4.3) and the non-snpersymmetric (4.4) extrema do not 


change. Moreover, from the resnlting mass matrix it follows that only the mass 
eigenvalne corresponding to the tachyonic saxion rtac receives corrections and 
can become positive. In the snpersymmetric case a tachyonic state will remain, 
althongh above the Breitenlohner-Freedman bonnd. In the non-snpersymmetric 
extremnm there is only one negative mass eigenvalne that receives corrections, 
which is given by (in nnits of Mp[/(47r))[^ 


"^tac = 


375qfqik 


15hqlq2 
16f 4:~f {miqi + 2m2qi) 


(4.13) 


We observe that the mass can become positive becanse f < 0. For instance, 
choosing h = 2, and qi = q 2 = ^i = ^2 = 1, implies that m\^ will tnrn positive 


"‘Note that in the following, we have omitted the factor Mp[/(47r) for ease of notation. It 
can be re-installed easily by dimensional analysis. 
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provided k > —3f/50. We could take for instance f = —10 and k = 1. Thus, 
the tachyonic mode can be uplifted while the masses of the other moduli do not 
change. Moreover, as the D-term vanishes in the minimum, the cosmological 
constant Vq does not change either. 


Swiss cheese Uplifting of tachyons by D-terms also works in the ‘swiss-cheese’ 


model of section 3.2.3, as we now briefly describe. As in the previous example 


we introduce N D7-branes with a U{1) gauge held (4.6) wrapping a four-cycle 


(4.7). The main difference now is that the non-zero intersection numbers are Km 


and K 222 which are taken to be equal. Moreover, we expand the Kahler form as 
[J] = t^Di +t‘^D 2 , with < 0. Then, up to normalization, = y/ri, = —^/f^, 
and V = The FI parameter is found to be 


^ - m2l2\/^) ■ 


(4.14) 


On the other hand, the Freed-Witten anomaly cancellation condition (2.50) now 
implies 


miliqi I2m2q2 = 0 . 


Substituting in (4.8) then gives 

Vd = 


k{q2^/n + qiy/^y 


(miTi -h msTa) ’ 


(4.15) 


(4.16) 


where k is again some positive number, and for Re/ we took only the tree- 
level contribution of the gauge kinetic function. The important point is that Vd 
vanishes not only for the supersymmetric AdS extremum as expected, but also 
for the non-supersymmetric ones in table which all happen to have \/ti/t 2 = 
Igil/I^al- Indeed, cancellation occurs because necessarily giga < 0 for the vevs in 
table 1^ to correspond to true extrema of the F-term potential. 

Adding Vn to the F-term potential we hnd that only the mass eigenvalue 
corresponding to the tachyonic direction rtac = q 2 'ri — qiT 2 changes. In the non- 
supersymmetric extremum with only the tachyon Xtac (third in table the new 
mass eigenvalue is given by (in units of Mp[/(47r)) 

^2 _ 5h(g^ + g|) ^ 125 k {qf + gf )^ ^ 

36f 324fqiq2{miql + m2q2) 


Notice that can be uplifted precisely because qiq 2 < 0, while h > 0, f < 0, 
and {qf -|- g|) > 0 to keep the saxion vevs positive. 

To summarize, we have identihed a tachyon uplift mechanism, where a D- 
term on a D7-brane, the Freed-Witten anomaly conditions, and the nature of 
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the non-supersymmetric minimum nicely conspire to give a positive shift only for 
the tachyon mass. Let us emphasize that for this uplift mechanism to work, it is 
essential that ^ vanishes not only for the supersymmetric minimum, but also for 
the non-supersymmetric one. Note that in concrete string model building, one 
will also have to take into account tadpole cancellation conditions. 


4.2 Uplift of cosmological constant 

Eventually, also the cosmological constant needs to be uplifted so that the vacuum 
becomes de Sitter. The common mechanism is to add an extra sector to the 
theory, which changes the values of the moduli in the minimum in a controlled 
way, but adding a substantial contribution to the vacuum energy. In the KKLT 
and the LVS scenario, this can for instance be achieved by adding anti-D3- 
branes which provide a positive-dehnite contribution to the potential 


Kp = 


£ 

yh ’ 


(4.18) 


where a = 2 for a D3-brane in the bulk and a = 4/3 for a brane located in a 
warped throat. In the LVS scenario, the F-term contribution to the potential in 
the AdS minimum scales as Vp so that for the D3-brane to compete one 

needs £ ~ Vq~^ which is small and provides the parameter controlling the slight 
shift of the minimum after including the uplift potential. 

Let us discuss whether such an uplift mechanism also works for the tree-level 
minima we are working with here. For concreteness, let us hrst consider this 
question for model A that was discussed in section 3.2.1 To simplify notation, 
we dehne f := —f such that all fluxes in this section must be chosen positive to 
be in the physical regime. Looking at the terms in the scalar potential (3.9), we 
realize that in the minimum all terms scale as hq^/f‘. Taking into account that 
for perturbative control we need f 3> h, g, we are led to an uplift term of the form 


“ 16r/5 


with 0 < < 2, 


(4.19) 


in order to have £ ~ small. Therefore, the two types of D3-brane uplifts 
mentioned above do not work in our case. 

We can nonetheless study the above uplift for general (3. Working at linear 
order in the small parameter £, one can show that the values in the stable, non- 
supersymmetric minimum are shifted as 


6f 32-/^/? 

5g ^ 52“^2 ^+i hq^ 
f ^ f 

h “^52-424+1 h2g3 



+ O(e^) , 



+ 0(5^). 


(4.20) 
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Figure 2: The exact potential V(t, sq, cg, po) for h = 2, q = 1 and f = 100 and the 
uplift term V^p = 0.0013/(16rJ). Here the numerical minimum lies at tq = 135.13, 
So = 40.60 and 2co + po = 0. The uplifted minimum is de Sitter. 


The value of the scalar potential at the minimum gets shifted as 

25hg^ e 


Idn = 


. +— 1^1 + 0 (£^). 
216f 16 V6f/ 


(4.21) 


Therefore, we could uplift to Vq = 0 for 


£ ~ 


2/3+I52-/3 ^^3 / I 

33-/5 ^2 \q 


(4.22) 


which is small in the perturbative regime f ^ h,q. Inserting this value back into 


(4.20), we hnd 


"”-^(5 + 3 


f A P 


(4.23) 


so that the correction term is of the same order as the initial value. Therefore, 
it is not clear whether the 0{e^) corrections are actually subleading. Performing 
a numerical analysis we hnd that, indeed, choosing e sufficiently large to uplift 


to a de-Sitter vacuum (4.22), the minimum gets destabilized for (3 > 1/4. The 
same numerical behavior is found for model B. For /3 = 1/4 and a specihc choice 
of huxes, hgure shows a plot of the potential around the uplifted de Sitter 
minimum. We note that no linear approximation in e was done here. 

Let us also check how the mass eigenvalues of model A change due to the 


uplift. Recall from (3.17) that the masses of the moduli in the stable AdS vacuum 


scale as ^ ^ with the numerical factors /ij = (6.2, 1.7; 3.4, 0). In 

the uplifted Minkowski vacuum the scaling remains the same and the numerical 
factors decrease slightly to p/'’ = (5.3, 0.8; 2.9, 0). 
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Of course, the question now is which string theoretical effect can generate 
an effective uplift potential of the required type. As we have discussed, the 
introduction of just D3-branes does not give the appropriate power f3. One could 
envision more complicated uplift sectors, where also matter-held contributions to 
D-terms and F-terms play a rol^ However, for our purposes here, we just state 
that the uplift procedure is in principle possible, but needs more care than in the 
KKLT and LVS scenarios. 


5 Physical aspects of the scaling vacua 

In this section, we study several phenomenological aspects and problems of the 
hux vacua constructed above. After discussing issues concerning the dilute-hux 
limit, we investigate the mass hierarchies of our models in several examples. We 
then consider particle-physics questions, in particular, we compute soft terms for 
a MSSM-like D-brane setup. 


5.1 A note on the dilute flux limit 


Describing the string hux compactihcations investigated above in an orientifolded 
M = 2 gauged-supergravity framework can only be an approximation, where 
huxes are considered as (small) perturbations around the hux-less Calabi-Yau 
geometry. The superpotential and the induced scalar potential describe in an 
ehective four-dimensional framework, how the system reacts upon turning on 
huxes that give extra contributions to the ten-dimensional equations of motion. 
Usually, one hopes that the appearance of minima of Ves signals new solutions of 
the full ten-dimensional string equations of motion. 

In the case that only NS-NS and R-R three-form huxes are turned on, it has 
been shown that the backreaction gives a warped Calabi-Yau geometry 112 


Since, due to the no-scale structure, the Kahler moduli are unstabilized, one can 
take the large-volume limit, in which the huxes become diluted and the ehective 
gauged supergravity description becomes a controlled approximation. 

For the models discussed here, also the Kahler moduli are stabilized by turn¬ 
ing on non-geometric huxes, so that the backreacted geometry is not explicitly 
known. Even though the Kahler moduli are stabilized in terms of huxes in the 
perturbative regime, a priori it is not clear whether a dilute-hux limit really ex¬ 
ists. In fact, the expectation from generalized geometry and double held theory 
is that non-geometric hux changes the space from a smooth manifold to a T- 
fold where the transition functions between two charts are given by a T-duality 
transformation (for reviews see 113-115|). Since the latter identihes small and 


^For a D-term with such low /3 the modular weight of the matter field Kahler metric needs 


to be positive. For abelian heterotic orbifolds this can occur for the twisted sector fields 111 
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big radii, it would be surprising if a dilute-flux limit did exist because the geom¬ 
etry could then be better and better approximated by a flat torus or Ricci-flat 
Calabi-Yau space, respectively. 

Let us investigate this point for the class of models presented in this paper. 
For that purpose, we focus on model A as being realized on the isotropic six- 
torus with hxed complex structure modulus U = 1. We then consider the flux 
kinetic terms in the ten-dimensional Einstein-frame action, including also the 


non-geometric Q-flux 116-118 


s = ^ f 

2kIJ ^ d 


with the various contributions given by 


(5.1) 


= 


12 


ZJ ZJ „ii' „jj' „kk' 


^QQ ^ 


i'j' „ „ ^kk' 

9ii'9jj'9 


- ^H^niQi' 


mn gii 


p'r 

rQQ _ _-_n 

■^2 2 


9ii' 


(5.2) 


/’RR _ Tr Tr nil' 

L ^2 vijk vi'j'k' 9 9 9 


In 118 it was shown explicitly that this action coincides with the one derived 
in double held theory. Moreover, upon dimensional reduction it gives the scalar 
potential generated by the superpotential and tree-level Kahler potential reviewed 
in section 2. With the huxes being integers, in model A the dilaton and metric 
behave as 


f 




9 


q2 


-1 9^ 

9 ^ jr, 


(5.3) 


where f = —f. Hence, all the kinetic terms in (5.2) scale in the same way as 

hq^ 


dH ~ ~ ~ d^ ~ c 


RR 




(5.4) 


Therefore, in the large radius limit, f 3> 1, all terms are suppressed and one 
could think that there exists a dilute hux limit. However, in order to control 
the backreaction of the huxes on the geometry, the essential quantity is not the 
action but the energy-momentum tensor T^- = :y=;^, appearing on the right- 
hand-side of the Einstein equation. Now, it turns out that all contributions to 
Tij scale in the same way, namely 


rpHH 


rsj 


rjiQQ 

-^lij 


rsj 


rpQQ 

J-2ij 


-iHQ 


^RR 


hq. 


(5.5) 
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Therefore, the backreaction of the fluxes on the metric is of order one and is 
not diluted in the limit f 3> 1. On the other hand, the backreaction is also 
not substantially large, i.e. we do not have Tij ~ for some positive power p. 
Therefore, it can be claimed that we are on the boundary of controlling/non¬ 
controlling the backreaction. 

The upshot is that the existence of a full string theory uplift of the solutions 
found using the effective supergravity action, is on a less hrm ground than for no¬ 
scale models with only NS-NS and R-R three-form fluxes H and 5^. Nevertheless, 
absence of an argument for dilute fluxes logically does not rule out that the 
effective string (double held) theory still provides a sort of consistent truncation 
of the full dynamics of the theory. This is still an unsettled open question in 
double held theory. 

5.2 Moduli spectroscopy 

We now look at the moduli spectroscopy of the hux-scaling vacua, i.e. we inves¬ 
tigate whether one has control over the desired hierarchy of mass scales 

Mpi > Mg > Mkk > d<fmod • (5.6) 

The hrst two hierarchies are evident. In order to trust the four-dimensional 
supergravity approximation we are using, the masses of the moduli should also 
be smaller than the Kaluza-Klein scale. One can dehne an additional mass-scale 
which is related to the energy-density in the uplift potential 

M,p = (Kp)^ = |Ro|^. (5.7) 

In the hux-scaling models we had large huxes fi guaranteeing that the moduli 
are in their perturbative regime and other huxes fs that we usually choose to 
be of order one. Moreover, there are further order one coefficients entering the 
Kahler potential, once we specify a concrete Calabi-Yau manifold. 

Let us now formalize what we mean by parametrical control: A scale Mi is 
called parametrically larger than a scale M 2 , denoted as Mi^ M 2 , if it occurs 
that M 2 /M 1 —)■ 0 for —)■ 00 . The two scales are called parametrically equal, 
Ml y M 2 , if M 2 /M 1 —)■ 0(1) for f]i —)■ 00 . This distinguishes the case where one 
has parametric control over the relative size of two mass scales from the case 
when their relative size is just a numerical coincidence. It can happen that even 
though Ml y M 2 one of the order one huxes fs can guarantee parametric control. 
If that is the case we mention it explicitly. It is also possible that in our examples 
it just happens that the numerical prefactors are such that Mi > M 2 . In this 
case, we say that Mi is numerically larger than M 2 and denote it as Mi ~M 2 . 

We observe that in all the models we have studied, we have demanded that 
moduli are stabilized in the perturbative regimes as r, s,n~l, which lead us to 


45 



the following relations for the mass scales 

K'py^modMpi, (5.8) 

The hrst relation can be viewed as a generic prediction for this class of models, 
where the second relation rather indicates that the energy density in the uplift 
potentially exceeds the scale where we can conhdently use the effective super¬ 
gravity description. In Appendix we provide a model, showing that one can 
have Mup~Ms, once one gives up the requirement that all r, s,n~l. We will 
come back to this point in section 6, when we discuss inflation. In that context 
the two relations receive a different interpretation. 

The relative sizes of Mg, Mkk and Mmod turn out to be model dependent. Let 
us discuss three representative examples. 


Model A We hrst discuss model A of section 3.2.1, Using (3.3) we can calculate 
the Kaluza-Klein and the string scale. For the tachyon-free vacuum 3 of model 
A we obtain 


Mkk V ® / 



(5.9) 


Therefore, to have the string scale parametrically higher than the KK-scale, we 
need to require h > q. This means r > s so that a'-corrections to the tree-level 
Kahler potential are indeed subleading. The ratio of the KK-scale to the moduli 
mass scale comes out as 


Mkk ^ 10 

Mmod Qy/l^i hq ’ 


(5.10) 


Since both ratios do not depend on the very large hux f, we would write that 
Mg Y Mkk y Mmod- However, by choosing for the order one huxes h > q we can 

at least guarantee Mkk- However, the KK-scale is not separated from the 
hux induced moduli masses. 


Model D The same problem appears for model D of section |3.3.2[ The scales 
for the tachyon-free vacuum are 


M"^ = n. 


fif 


dvr ■ 2 ^ 


Mkk ~ hKK 




Mil 

dvr ■ 27 ’ 


(5.11) 


with yUg = 227d and /ikk = 36. For the ratio of the Kaluza-Klein scale and the 
moduli masses we hnd 


MIk ^ (f0)| 


(5.12) 


d6 















with the prefactor fi of order one. Recall that we had to scale fi 3> 

0(1) in order to be in the weak-coupling and large-radius regime. Then the 
KK-scale becomes parametrically lighter than the heavy moduli, Mmod Mkk- 


Model C Finally, let us present a model where parametric control over the 
ratios in principle is not in conflict with the perturbative regime. Using (3.3) in 
model C, the string and Kaluza-Klein scale are computed as 


Ml = /r, 


h'2q2 Mpi 


^KK ~ /^KK 




Ml, 


(5.13) 


fofi dvr-27’ ™fofi47r-27’ 

with /is = 84 and /xkk = 1-4. For the ratio of the Kaluza-Klein and the string 
scale we obtain 


MIk 

M2 


= 0.016 ( I 


whereas the ratio of the moduli masses and the Kaluza-Klein scale is 


Mlv. 


f, 


(5.14) 


(5.15) 


SO that for large enough fo one can ensure that the moduli are lighter than the 
Kaluza-Klein scale, i.e. MKK^Mmod- To summarize, for this model we hnd the 
following controlled hierarchy of mass scales 


Afp[ ~ M, 

p 


up 


~ Ms ~ Mkk ~ Mmod • 


(5.16) 


Since all scales differ only by a relative factor of 0(10), they are very sensitive to 
numerical prefactors. For concreteness let us make the choice 


fo = 3200, f = l, h = -2, q = -l, 
and analyze the moduli around the minimum with values 

r = 275, s = 110, ^ = 18, u = c = p = 0. 

Using Mpi = 2.44 ■ 10^® GeV, the string and KK-scale come out as 
Ms ~ 1.17 ■ 10^® GeV, Mkk ~ 1-25 ■ 10^® GeV. 

The masses of the saxion moduli are 

Ml^ ~ (2.9, 1.2, 1.0) ■ 10^^ GeV, 
and the masses of the two heavy axions are 


Mf 


(2.5, 0.23) ■ 10^^ GeV. 


(5.17) 

(5.18) 

(5.19) 

(5.20) 

(5.21) 


Note that the second axion is the lightest (massive) axion and therefore could 
be a candidate for an inflaton. In hgure we show the potential around the 
minimum, in the directions of the lightest and the second-lightest modulus. 
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Figure 3: The potential V{x,y) around the minimum, where x is pointing in the 
direction of the lightest axionic modulus and y in the direction of the lightest saxionic 
modulus. 


5.3 Tunneling between flux branches 


Another potential problem could be the occurrence of substantial tunneling be¬ 
tween the various branches in the flux landscape. Such tunnelings are induced 
by domain walls changing the value of the fluxes and were discussed to be a po¬ 
tential problem also to maintain axion-monodromy inflation for a long enough 
period 
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Let us estimate this tunneling rate for Model A using the formulas from 
Coleman-De Luccia for the thin-wall approximation 
amplitude can be computed from 


119,120 . The tunneling 


p ^ , 

with coefficients given by 




B 


CD 


(1 + A 2)2 ’ 


(5.22) 


277rV^ 
2{AVY 


B = 


A = 


V3i 


a 


2\/AVM, 


(5.23) 


PI 


Here a denotes the tension of the domain wall and AV the potential difference 
on the left and the right hand side of the domain wall. 

For Model A the fluxes we have turned on are the NS-NS and R-R three-form 
fluxes and the non-geometric Q-flux. Thus, following 38 , the corresponding 


domain walls are the NS5-brane, the D5-brane and the non-geometric d^-brane 


121 122 wrapped on three-cycles of the Calabi-Yau manifold. Due to the tadpole 


cancellation conditions, we cannot change a single flux but only all three fluxes 
at the same time. Therefore, we expect the corresponding domain wall to be a 
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bound state of those three kinds of branes. Let us compute the action for each 
individual brane, where as we will see it is sufficient to consider the NS5-brane 
and the D5-brane. 

Via dimensional reduction of the corresponding world-volume actions, we hnd 


(Td5 ~ Ml s4 7-4 , (Jns5 ~ Ml s4 r4 . (5-24) 

Using AV ~ U ~ Mpj and the expressions for Mg and Mrk for model A, 

we obtain for a D5-domain wall 


B 


Mf 


D5 




and for a NS5 domain wall 

]\/f2 

-DNS5 ~ ^~ 




Mj 


f^hq^ ’ 

^D5 ~ 



^NS5 ~ 

Kk 

h5g3 ’ 



(5.25) 


(5.26) 


where f = —f. This is the result just for unit one domain walls, i.e. those 
changing Af = Ah = 1. As mentioned we need to satisfy the tadpole cancellation 
conditions hf = const, and gf = const. The solution to these constraints is f —)■ Kf 
while h —)■ K~^h and q —)■ K~^q. For the vacuum energy to decrease, we need 
K > 1. As a consequence, the relevant domain wall must change the three fluxes 
as f. Ah h and Aq ~ g so that also the individual tensions scale as 

~ f^D 5 and h(TNS 5 - Including these factors, one hnds 


rU) 

-°D5 


r2 

^NS5 ^ 


( 5 - 27 ) 


i.e. both branes have parametrically the same action. Therefore, assuming that 
the bound state is essentially at threshold, the tunneling amplitude scales as 

P ~ exp (-f) , (5.28) 

so that one has parametric control to suppress such tunneling transitions. 


5.4 Soft masses of MSSM on D7-branes 


In this section, we study some of the particle-physics aspects of the scaling-type 
minima presented in the previous sections. Since the vacua generically break 
supersymmetry, we are in particular interested in the induced supersymmetry 
breaking scale in some D7-brane sector supporting the Standard Model. We 
have already seen that the gravitino mass scale is of the same order as the 
moduli masses. For models of large-held inhation, this scale is of the order 
10^^ — 10^® GeV, thus leading to a very high supersymmetry breaking scale. Mo¬ 
tivated by the sequestered scenario in the LVS framework 92 , we can therefore 


ask whether also here it is possible to obtain soft-masses that are smaller than 
the gravitino mass. 
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5.4.1 Bulk scenario 

We now add an extra four-cycle to the geometry and compute the soft gaugino and 
sfermion masses for magnetized D7-branes wrapping that cycle and supporting 
the MSSM. For concreteness we consider the model C described in section [3.3. II 
Due to the FW anomalies, we cannot place a magnetized D7-brane on the single 
four-cycle. Thus, in order to also allow a sector where the Standard Model can 
be supported, we need to introduce additional four-cycles into the geometry. In 
order to avoid brane deformation moduli, we deform the geometry such that we 
introduce a further del Pezzo surface so that the volume form is given by the 
familiar swiss-cheese type 


V = r2 


Ts 


(5.29) 


Moreover, to avoid Freed-Witten anomalies, the superpotential should not depend 
on the Kahler modulus Tg. 

We now assume that the MSSM is realized on stacks of magnetized D7-branes 
wrapping the added four-cycle and proceed as in the analysis of the sequestered 
LVS scenario 92 . The axion ps in T* becomes massive via the Stiickelberg 


mechanism and the Kahler modulus Tg appears in an induced Fayet-Iliopoulos 
term that shrinks the del Pezzo surface to zero size r* ~ 0. Since W does not 
depend on Tg and = —2Tg ~ 0, we hnd = 0. 


Focusing on the supersymmetry breaking strictly stable minimum (3.37), us¬ 


ing the formalism from 123| , let us compute the soft supersymmetry breaking 
masses on the magnetized D7-branes wrapping the small cycle. The gaugino 
masses are then given by 


with 




(5.30) 


F* = e^K^WjW, 


(5.31) 


and where fa = Tg + XaS is the holomorphic gauge kinetic function for the D7- 
brane. Here Xa = ^ f Fa A Fa is again the instanton number of the gauge flux 
on the D7-branes. Using F^^ = 0 and evaluating F^, we hnd for the gaugino 
masses 




hi(qi 


(fo)Hn 


dvr ■ 24 




3 , 
2 


(5.32) 


with Pa = 12. The sfermion masses are given by 


Ml = Ml + Vo- F^F^didj log , (5.33) 
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where Za is the Kahler metric for the matter held. It was argued in 124 that for 


magnetized branes on a small shrinkable cycle, at tree-level one has = ka/r. 
Assuming also an uplift mechanism to Vq = 0, the sfermion masses become 


Ml = Ml 


4^2 


h'C 


hliqif 




(fo)i(ni47r-24 


M^ 


3 5 
2 


(5.34) 


with Ha = 28. Thus, we realize that all soft masses are of the same order as the 
gravitino mass. The shrinkable cycle itself therefore does not lead to sequestering. 


Opposed to the sequestered LVS scenario 92 , the main difference is that here 
7 ^ 0 already at tree-level. 


5.4.2 Sequestered scenario 

As we have seen, in order to achieve a suppression for the soft-masses, we need 
= 0 at tree-level and we need to turn on a further small correction that 
can induce F^ 7 ^ 0. In our model search so far we have notj^ obtained a 
non-supersymmetric model with F^ = 0. Therefore, we now consider the non- 
supersymmetric minimum of model B discussed in section [3.2.2 where we will 
be able to enforce F'^ = 0 for a subset of fluxes. If we now place an unmagne¬ 
tized D7-brane on the four-cycle, we have a toy model for the situation we are 
interested in. 


Gravity-mediated gaugino masses Let us estimate the size of the gaugino 
masses, once we take into account the (a')^-correction to the Kahler potential as 


K = —2 log 


(T + T) + 


K 


4(5 + ^) 




3 

2\ 2 


+ 


- log(5 + S ), (5.35) 


where ■ The superpotential (3.19) for this model is not changed. 


The values of the auxiliary helds F* = e 2 K^^F-j at the minimum are 


F^ = e^-'- 


K 8* p 8a; -|- 3 


F^ = g 2 — 


25 g 1 + a; ’ 
16 i p 


F^ = 


K 8i f 
-0 2 - !— 


5 h {1 + x) ^ 


X 


5 / a; + 1 ’ 


■P2 

with X = Thus, we see that we can force F^ = 0 by choosing 8a; -|- 3 = 0. 
This is only possible for negative k since otherwise we would leave the physical 
regime and Sq, Tq < 0. 


(5.36) 


®In section 3.3.5 with = 2, we found a model with = 0 (see (3.70)), which does not 


help here as only and F^ appear in the gaugino or sfermion masses. Nevertheless, it shows 
that accidentally a zero auxiliary field is in principle possible. 
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To assess the order of magnitude of the a'-correction hrst notice that (3.3) 


implies Mkk/TTs ~ S 4 /V 6 for the ratio of the KK and the string scale. Using 

3 

that the volume is V oc (2r + ^"0^) ^) and substituting the values of the moduli 
in the minimum (3.21[), we then hnd 


Ml 


KK 


M. 


(5.37) 


where x = — | has been used. Inserting in (|5.35|) we then conclude that the 


a'-correction is small compared to the tree-level term provided <C 1, 

which can be achieved taking q. 

A numerical analysis shows that in this regime the former minimum gets 
slightly shifted and that the main contribution to the new value of denoted 
comes from plugging in the values of the old minimum in the corrected 
expression for F^. Thus at linear order in S,p, the induced vacuum expectation 
value of the auxiliary held F^ is parametrically given by 


A 




3 

q\2 




Ml 


KK 


M. 


(5.38) 


where Fg is the size of the tree-level F-term (5.36) for x 7 ^ — | and where we 


used (5.37). The gravity-mediated gaugino masses can now be expressed as 


Ma ~ 


Ml 


KK 


M. 


Ms, 
2 


(5.39) 


which is suppressed relative to the gravitino mass scale by a high power of the 
ratio of the KK-scale to the string scale. 


Anomaly-mediated gaugino masses With the tree-level gravity-mediated 
gaugino masses vanishing at leading order, the one-loop generated anomaly- 
mediated gaugino masses are expected to be generically larger than the next- 
to-leading order tree-level masses. In the sequestered LVS scenario, it turned out 
that even the leading-order anomaly-mediated contribution vanishes due to an 
extended no-scale structure. Let us estimate this contribution in our model. The 


anomaly-mediated gaugino masses are given by 125 


Mf 


IGtt^ 


(3Tg - Tr)M, - {TG-TR){d,K)r 


2F 


R 


d 


R 


F^di log det Zap ), 


(5.40) 


where Tq = N is the Dynkin index of the adjoint representation of U{N) and 
Tr is the Dynkin index of some matter representation R of dimension d^. In our 
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simple case of unmagnetized D7-branes, there is no charged matter so that the 
above formula simplihes. Indeed, there is no cancellation between the hrst and 
second term and we obtain 




1 


167r2Re(/a 


-NMs = — 
3 2 (dvr) 


16 N Mkk Ms 


9 


Ml 


PI 


(5.41) 


Therefore, we still get a suppression, which generically will be weaker than 


the next-to-leading order gravity-mediated one (5.39). For instance, for M 
10^® GeV, 

M" ~ 


Mkk ~ 10^® GeV and Ms ~ 10^^ GeV, we hnd Ma ~ 10® GeV and 

2 

10^^ GeV. Therefore, one can get gaugino masses in the intermediate 

regime. 

As argued in 


92 , the computation of other soft terms is sensitive to higher- 


order corrections to the matter-held metric and to the uplift, so that we are not 
pursuing this question here further. Of course, what we have presented is just a 
toy model, as the brane wrapping the four-cycle is non-chiral and presumably will 
carry extra massless deformation modes (that also have to be stabilized). The 
purpose of our analysis was to show how one can arrange for a situation where 
the gaugino masses are induced by higher-order corrections, and can therefore 
be parametrically smaller than the gravitino mass scale. This is important for 
string model building, if one wants to have the supersymmetry breaking scale for 
the MSSM smaller than the GUT or inflation scale. With the supersymmetry 
breaking scale in the intermediate regime, one can realize the scenario of 126 


where gauge coupling unihcation is obtained by the F-theory motivated scenario 
proposed in 127|. 


6 Axion monodromy inflation 

We now turn to string-cosmological properties of our models. Recall that a large 
tensor-to-scalar ratio points towards an inflationary scenario with the slow rolling 
occurring for large held values 0/Mpi ~ 1 — 10. Therefore, in any UV complete 
theory of gravity one has to control higher order corrections. Axions with their 
perturbative shift-symmetries are good candidates and various scenarios have 
been proposed, ranging from natural inhation, over N-hation to axion monodromy 
inhation. The latter can be naturally realized in string theory, where the very 
same scalar potential that stabilizes the moduli can also give rise to the axion 
potential. Here the shift symmetry of the axion is spontaneously broken by the 
choice of huxes in the background, thus giving rise to an effective potential and 
an unwrapping of the compact held range for the axion. 

In this section we investigate whether the hux scaling models we have dis¬ 
cussed can provide working examples to realize F-term axion monodromy inha¬ 
tion in set-ups with consistent moduli stabilization. As a matter of fact, this was 
our initial motivation to look into this part of the string/gauged supergravity 
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landscape in more detail. Please recall the challenges for such a construction 
that have been listed in the introduction. 

By including all closed string moduli in the tree-level flux superpotential, 
we have available many of the axions that have been put forward as inflaton 
candidates in the literature. In general the eventual inflaton 0 will be a linear 
combination of some of the following axions: 


There is the universal axion c from the axio-dilaton superheld. It was 
proposed that if this axion is part of the inflaton, it can provide an 
appealing reheating mechanism. 

The Kahler moduli contain the R-R four-form axions pa- As opposed to 
KKLT and the TVS scenario these moduli are also stabilized at tree-level 


by turning on non-geometric Q-flux 45,54 


In 38,44 the proposal was to consider the two-forms B 2 or C 2 as the 


inflaton. This can be realized by generating an F-term potential for odd 
Kahler moduli G°‘ by turning on geometric flux. 

In the large complex structure limit, extra geometric shift symmetries arise 
so that the quasi-axions Re{U) = u can also be considered as inflaton 
candidates 
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The purpose of this section is not to construct a fully-fledged cosmological 
model, but, continuing the analysis of 49,50 , to study the question whether an 
axion can realize large held inhation. 

In the following the inhaton is considered to be an initially massless axion, 
which receives a parametrically smaller mass by turning on additional huxes. 
Since huxes are of order one, the hierarchy occurs by turning on large huxes A 
for the heavy moduli. Thus, we have a (hux) parameter available by which we 
can control both the mass hierarchy of the inhaton and the heavy moduli as 
well as its backreaction on the other moduli. In fact it has been shown in 50 


that for A S> 1 the backreaction is under control and that one obtains the naive 
polynomial scalar potential. We hnd that this is in principle possible but that, 
in all examples we have looked at, the KK-scale becomes lighter than the moduli 
masses. 

In 


73 we analyze a toy model for this scenario, where the backreaction can 


be taken into account analytically. There, changing a parameter analogous to A 
interpolates between chaotic, linear and Starobinsky-like inhation. 


6.1 Brief review on large field infiation 


In this section we review the basics of large held inhationary models. (For more 

128|.) In general one can distinguish convex and concave 


details see for instance 
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scenarios. The prototype examples of the hrst type are models with polyno¬ 
mial scalar potentials, like for instance chaotic inflation governed by a quadratic 
potential. Such models would have been the best candidates to explain the BI- 
CEP2 p!o| result r = 0.2. However, due to the PLANCK 2015 data 12,13 this 


is explained by the foreground dust contamination of the signal and substituted 
by the upper bound r < 0.113. Moreover, the reported values for the spectral 
index and its running are Ug = 0.9667 ± 0.0040 and ag = —0.002 ± 0.013, respec¬ 
tively. As a consequence, potentials K ~ 0^ with p > 2 are disfavored. Instead, 
the recent results point towards concave models. The Bayesian analysis reviewed 
in 129 also indicates that plateau-like potentials are the best class of models 
htting the current data. Nonetheless, in the following we will investigate how 
polynomial inflation is realized in our fluxed vacua. 

Let us recall the cosmological data needed for our discussion. For a polynomial 
potential appearing in the single held Lagrangian 


c = -d^e , 


the slow-roll parameters 


( 6 . 1 ) 


1 /K' 

2\V 


V = 


V 


( 6 . 2 ) 


can be computed as 


1 

^ ^ 2 


V = 


P(P- 1) 
02 


The number of e-foldings is expressed as 


r-e* 




r-0* 


02 


N,= Y,de = - 0 ^ 0 -^. 

JBend ^ P -'Bend ^P 


(6.3) 


(6.4) 


Thus, we can write Nf> ^ Therefore, for the spectral indices and the tensor- 
to-scalar ratio one obtains 


= 1 -I- 2 r7 — 6e ~ 1 


(p + 2) 

2N, ’ 


rit = -2e 


P 


2K. ’ 


(6.5) 


^P 

r = Ibe ~ . 

Ne 

For a quadratic potential, that is p = 2, and 60 e-foldings, this leads to 


Ug 


0.967, 


nt 


-0.017, r = 0.133, 


( 6 . 6 ) 
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which is excluded by the recent measurements from Planck and from BICEP2 
at 95% confidence level 12,13. The amplitude of the scalar power spectrum 


V = 2.142 ■ 10 ^ can be written as follows 


V 


tj2 

-^inf 




(6.7) 


which leads to a Hubble constant during inflation of if inf 9.14 ■ 10^^ GeV. Using 
Unf = 3M|iiij^f, we can extract the mass scale of inflation as Minf = ~ 

1.96 ■ 10^® GeV, which is of the order of the GUT scale. Finally, the mass of the 
axion comes out as Mq ~ 1.45 ■ 10^^ GeV. 

From a stringy point of view, for realizing single field inflation in a controlled 
way, one needs the hierarchy of string theoretic and inflationary scale^ 


Mpi > Ms > MkK > dPinf ~ dimod > iiinf > |Tie| • (6.8) 


As we have seen, for large field inflation we have H ~ 10^^ GeV so that between 
the Hubble-scale and the Planck-scale there are only four orders of magnitude 
for all the other scales. Glearly, to achieve and control such a sensitive hierarchy 
is a major challenge for string theory. 


6.2 Realization of polynomial inflation 

Following the procedure suggested in [^, the idea is to generate a non-trivial 
scalar potential for the axion 0 (in the following called inflaton) by turning on 
the additional fluxes /ax, while the former fluxes are scaled by a large number A. 
Thus the total superpotential reads 


lUiaf = AlU + /axAfU. 


(6.9) 


In 49 this procedure led to a parametrically lighter axion massj^ We will see 
that for our case, where now all moduli appear in W, the situation is different 
and more subtle. 


6.2.1 Parametrically light axion for Model C 

As a first attempt we consider the superpotential 

fUinf = A ( - fo - 3f -h^US-q^UT^+ i{h,S + q^T ). (6.10) 


Let us first proceed under the assumption that the mass for 0 can be parametri¬ 
cally smaller than the masses of all the other moduli and that the backreaction of 


130 


^For a recent discussion of these hierarchies see 
®An alternative idea with A = 1 was promoted in 
tunings in the string landscape had to be made. 


50 


where certain assumptions about 
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AW on the values of the moduli in the old minimum (3.37) is negligible. Then we 
can analyze the problem by first integrating out all heavy moduli and computing 
an effective potential for 0 ~ c. In practice this means determining the scalar 
potential induced by Wi^f and then inserting the values (3.37) for the moduli. In 
this way we obtain 


V,s{c) = ^[A(c-Bf + V,), 


( 6 . 11 ) 


with 


A = 




qihihqo - qihof 


54 -35 


B = 


Qifo^ 


and 




K) = 


2{qiho - hiqo) 


( 6 . 12 ) 


7-24 

54 -31 




f5(f‘ 


). 


(6.13) 


Therefore, the inflaton receives a large vacuum expectation value. In particular, 


inserting its value back into the superpotential (6.10) one realizes that the two 
terms XW and fs,^AW scale in the same way with the fluxes. Therefore, one 
expects that the backreaction on the old minimum is substantial. This is con- 
hrmed by a numerical analysis of the scalar potential. As a consequence, the 
effect of this form of AIT is not under parametric control and therefore it is not 
a good candidate for a deformation. The problem is the resulting linear term 
in 0 in the effective scalar potential, whose prefactor relative to the quadratic 
term is generically of the order AlTo- To control the backreaction on the former 
minimum, one needs an effective potential, where the prefactor becomes zero, as 


was generically the case in 49 


Let us consider a different deformation of the superpotential, now generated 
by turning on non-geometric P flux 

Wini = W + AW = x(^-fo--hiU S-qiUT^ -poST. (6.14) 
In this case the effective scalar potential becomes 


with 


A = 


24 


Pohfqi 


Bl-Slflffiy. 


Ws = -(Ac^ + Bc^ + C 


B = 


24 pohiqi(20Xhiqi + 73^/lOpof) 


54 ■ 32 




(6.15) 


(6.16) 


57 













and 


C 


2t q,{-hlql\'‘ + 21pofti<ii|‘A + 90pg(f')") 

•■3’ Ml(f‘) = 


(6.17) 


For all fluxes and A being positive, the effective potential has a global minimum 
at c = 0. Therefore, in this case we expect that the backreaction of the P-flux 
term on the other moduli can be made small. In this minimum the mass of the 
canonically normalized inflaton is computed as 


Mq — /ie 


Po?i(f)2(20higiA + 73A/TOpof) 


hii 


Ml, 

An ■ 2^ 


(6.18) 


with hq = 1.6. Therefore, in the regime 20hiq'iA 3> 73\/lOpof^ the mass of the 
inflaton can be made parametrically smaller than the mass of the heavy moduli 


MLd ’ 


(6.19) 


In order to realize chaotic inflation with a quadratic potential, we have to 
ensure that for c ~ lOMpi the quartic term in the canonically normalized Ves can 
be neglected. Indeed, as long as 


,2 l.ftiA 


lOpof ’ 


( 6 . 20 ) 


the effective potential is dominated by the quadratic term, where the same combi¬ 


nation of fluxes as in (6.19) appears. Therefore, we conclude that for sufficiently 


large A we can gain parametric control over the scales in the inflaton sector while 
also guaranteeing a quadratic potential. Note that the ratio of the KK-scale and 
the moduli masses behaves as 


Mid 

Ml ~ fj 


( 6 . 21 ) 


For large A, it becomes impossible to keep the KK-scale larger than the heavy 
moduli mass, while still having a string scale of the order of the GUT scale. We 
can summarize these findings for realizing quadratic inflation by 


M^od ~ Mq 


Myaod ~ AfxK 


( 6 . 22 ) 


6.2.2 Axion potential for Model D 


As a second example let us also consider Model D, which was designed such that 
a deformation of the superpotential of the type already mentioned in (6.10) can 
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generate a parametrically small mass for the so far massless axion. We then 
choose the deformation 


hhinf = \{^hU + if + ^ih^U^ S+ ?,iq^U^T^ + i{hoS + q^T). (6.23) 


After integrating out the massive moduli we obtain an effective potential 


14ff(c) — + Vo + 0(fi 


(6.24) 


with 


A = 


324 ■ 24 q^h^(h^qQ — q^ho)" 


511/4 


f^f 


O'! 5 


(6.25) 


where Vq ~ ^ is the value given in (3.45) multiplied by A^. Since this effective 

potential is minimized at c = 0 and the mass of the inflaton is parametrically 
smaller than the mass of the heavy moduli, we expect that one can trust this 
approximation. Taking into account the kinetic term for c the mass for the 
canonically normalized inflaton becomes 


m2 - , - g^hof (f)^ 

Mq — /xe 


(fi 


47r ■ 27 ’ 


(6.26) 


with /X© = 10. Therefore, due to 


Ml 

ML^ 


Ch\o - q^hof iff 

A2(hi gi)2f2 


(6.27) 


the mass of the inflaton can be made parametrically smaller than the mass of 
the heavy moduli by choosing the flux Afi large enough. However, we come into 
conflict with the separation of the KK and moduli scales. Recalling the ratio of 
the Kaluza-Klein scale and the moduli masses (5.12), 


<od 

MIk 


iff 


(6.28) 


we can derive the relation 


M'i 


MLi 




(6.29) 


We want both quantities on the right to be smaller than one, but this is not 
compatible with the mass scales we derived for this model. 

We conclude from this analysis that our attempts to gain parametric control 
over axion masses were only half-successful. By turning on additional fluxes it 
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was possible to find slightly shifted minima, where the lightest axion was para¬ 
metrically smaller than all the other moduli. However, it was not possible at 
the same time to keep the heavy moduli lighter than the KK-scale. All this is 
reflected in the simple formula 

Afmod ~ Mq Afinod ~ AfxK • (6.30) 

We close this section with two remarks: 


These tree-level flux induced potentials clearly provide a generic framework 
for realizing F-term axion monodromy inflation in type IIB string theory, 
while also controlling the masses of other relevant moduli. They contain 
all the closed string axions that have been proposed in the literature as 
infiaton candidates. The models discussed in this section involved the three 
axions {p,c,u}. Note in particular, that in contrast to the no-go results 
from 1^, for the generic superpotential involving also the Kahler moduli, 
the universal axion c could also be present in the linear combination for the 
infiaton. Moreover, by turning on also the geometric fluxes, generically the 
orientifold odd axions Im(G) = C 2 would appear in the infiaton. We did 
not explicitly discuss an example of this class, as the two models presented 
in sections 3.2.2 and 3.3. 3| were plagued by massless saxions. 


In 73 


we analyze backreaction issues. While the models discussed in the 

a simple toy model based 


present section are already quite involved, in 73 


on Model A is defined, for which the backreaction can be solved analytically. 
For very large values of a parameter similar to A, indeed the potential 
becomes effectively quadratic while for decreasing values the effect of the 
flattening becomes more and more visible. First, one gets an effective linear 
potential while for values of 0(1) the potential becomes Starobinsky-like. 
However, in this regime also the hierarchy between the infiaton and the 
heavy moduli mass diminishes so that one is actually dealing with a model 
of multi-field infiationB 


7 Conclusions and outlook 

In this paper we have proposed a certain large scale scenario of tree-level moduli 
stabilization. We considered the class of non-supersymmetric, strictly stable min¬ 
ima of the scalar potential generated by type IIB orientifolds on CY three-folds 
with non-trivial geometric and non-geometric fluxes turned on. This gives the 
scalar potential of orientifolded Af = 2 gauged supergravity and also involves the 
orientifold odd moduli made up by the B 2 and C 2 two-forms. 

®We thank Francisco Pedro for pointing this out to us. 
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We have presented an algorithm to construct such minima. Their charac¬ 
teristic feature is a certain scaling with the fluxes that allows to parametrically 
control many properties of the vacuum. For instance, it is easy to guarantee that 
all moduli are stabilized in the perturbative regime where higher order correc¬ 
tions are suppressed. We have started our investigation with simple models with 
a few moduli. By going to more involved models, we encountered the appearance 
of tachyonic states. For multiple Kahler moduli we identihed a general mecha¬ 
nism, involving the addition of certain D7-branes, which allows to uplift a class 
of tachyonic modes. For models with multiple complex structure moduli such a 
mechanism is still an open question. We also mention that our model search is 
not exhaustive. 

All the vacua considered are of AdS type. Since all moduli are stabilized 
at string tree-level, identifying a proper uplift mechanism for the cosmological 
constant is a more involved task. We provided a possible uplifting term but 
could not justify how it could arise. It would be interesting to really find a stringy 
realization of this type of uplift. In the literature it has been asserted that there 
exist de Sitter vacua for non-geometric flux models. It would be interesting to 
hnd out whether extending the set of fluxes in our models can lead to dS minima, 
while maintaining other desirable properties. 

We also addressed some phenomenological issues. Since all moduli are sta¬ 
bilized at tree-level, the whole physics is expected to happen at the high scale. 
For ultra-large fluxes one could in principle lower the moduli masses and the 
gravitino mass scale. We have computed soft supersymmetry breaking masses on 
MSSM-like D7-brane set-ups. Generically, the supersymmetry breaking scale is 
given by the gravitino mass which is of the same scale as the moduli masses. One 
can arrange for sequestering of the gravity mediated terms, but then anomaly 
mediation happens to be the dominant contribution. This allows for a further 
suppression of the soft masses down to e.g. the intermediate regime. 

A technical problem is that models with non-geometric fluxes do not admit 
a proper dilute flux limit. Thus, one cannot argue that the minima found in 
the effective four-dimensional theory can be uplifted to true solutions of the ten¬ 
dimensional string equations of motion or double held theory. This is an open 
issue whose eventual clarihcation relies on further progress in the understanding of 
non-geometric backgrounds in e.g. generalized geometry and double held theory. 
Another generic feature is that to achieve parametric control over the perturbative 
regime, the uplift mass-scale is larger than the string scale. 

In the hnal section, we applied our results to the study of inhation, more 
concretely to F-term monodromy inhation with the inhaton given by an axion. 
In particular we asked the question whether by an appropriate scaling of the 
huxes one can engineer viable models with polynomial potentials. We hnd that 
this is in principle possible via turning on additional huxes, though at the expense 
of introducing large hux quanta and of making the moduli masses larger than the 
KK-scale. One way of interpreting these difficulties we realized in controlling all 
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mass scales at the same time, is that maybe string theory, as a UV complete 
theory, wants to tell us that one has to give up at least some of the usual order of 
scales. A proper description of large held inhation in string theory might require 
to take some of the Kaluza-Klein and string states into account from the very 
beginning. 
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A A model with parametric control Mg > M^p 

We again consider a model with = 1 and = 1, that can also be related 
to the isotropic six-torus with Kaher potential 

K = -?, log(T + T) - log(5 + ;S) - 3 log {U + U). (A.l) 

For the flux superpotential we now choose 


W = fo- ifiU + hU^S + qU^T, 


(A.2) 


where h = h^, q = and fo = —fo- Analyzing the scalar potential, we And a 
non-supersymmetric, non-tachyonic minimum with stabilized moduli 


5^ n 

2t-3xgf2’ 

3-63 -5^ fo 

(5 + ye) h ’ 


23-55 f? 

3-76 fo 

(5 + ye) fi ■ 


he -|- qp 


27 fy 


(A.3) 


To stay in the physical region we take all fluxes positive. It is interesting to notice 
that in this example the flux tadpoles are positive. 

The value of the cosmological constant in the AdS minimum is 


esei ■ 34 /ig^fgMpj 
50 ■ 55 ■ 23 f? dTT 


(A.4) 


For the ratio of the string scale and the uplift scale it then follows 


Ml 

Ml 


= 54 


Q4 
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55 
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TT 37 


ft 


3 ’ 
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Ml 


9-33 -55 gfo 


2 4 ■ TT ^ f 1 


3 ’ 


(A.5) 


so that for fo/fi > 1 we have gained parametric control. However, in this regime 
parametrically we get r, s ~ 1. 

To give a concrete example, let us choose the numerical values fo = 1 and 
fi = 3, leaving h and q free. For the moduli we readily obtain 


1.75 2.33 

r=-, s =——, n = 0.47, m = —0.33 , c-|-p = —2 , 

q h 

and for the mass scales 

M-p\ _ 1.78 Afs _ ^ g ATkk _ 0-69 qi 

Ms hiqi Afup Mup h* 


(A,6) 


(A.7) 
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This shows that it is not possible to have all moduli in the perturbative regime 
while also attaining Mup < Mkk- For the purpose of realizing models of large 

held inhation, this means that we get parametric control of Mjnf ~ Mkk only for 
r^O.3. 

p 

After all, independent of parametrically controlling certain ratios of scales or 
not, in models of large held inhation the mass scales are pushed to the threshold 
of having control. Moreover, with all scales being close together, extra numerical 
factors matter. 
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